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Abstract

Monolayers

of

2-(6-mercaptohexan-l-oxy)aniiine

(AnC 6 SH)

and

2-(7-

mercaptoheptan-l-oxy)aniline (AnC7SH) on Au were synthesized and investigated by
reflection-absorption

infrared

(RAIR)

spectroscopy

and

electrochemistry.

Electrochemical oxidation of AnC 6 SH/Au and AnC7SH/’Au in 1 M H 2SO 4 to form oxAnC 6 SH/Au and o.t-AnC7SH/Au resulted in voltammetry indicative o f oligomerization
and degradation reactions of the aniline functionality.

Scanning o f the voltammetric

potential between 0.0 and +0.9 V and then back to 0.0 V vs. SSCE twice leads to four
surface-confined redox waves occurring at +0.25, +0.45, +0.5, and +0.6 V vs. SSCE.
The oxidized monolayers were found to exhibit voltammetry similar to that observed for
poly(o-phenetidine), which exhibits redox waves for the leucoemeraldine/emeraldine
(+0.2 V) and emeraldine/pemigraniline (+0.6 V) transformations and the formation of
some quinonemonoimine degradation products (+0.4 V) in the polymer. A redox wave
attributed to a quinonediimine dimer (+0.5 V) was also found for the oxidized
monolayers. To reduce degradation product formation, AnC 6 SH/Au and AnC7SH/Au
were oxidized in 0.1 M LiClCVCHsCN to form o.t(non-ag)-AnC 6 SH/Au and ox(non-aq)AnC7SH/Au. This method of oxidation led to production of only surface-confined, headto-tail dimers as indicated by comparison o f o.r(non-a^)-AnC 6 SH/Au and ox(non-aq)AnC7SH/Au voltammetry with that of solution-phase model compounds (2-methoxy-lV4phenyl-l,4-phenylenediamine and 3,3'-dimethoxybenzidine).
Reflective-absorption infrared spectroscopy (RAIR) was used to identify the
resultant products of aqueous acidic and non-aqueous oxidation of AnC 6 SH/Au and

xix
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AnC7SH/Au.

RAIR spectra for ox-AnC 6 SH/Au and ar-AnC7SH/Au displayed

vibrations indicative of 1,2,4-coupled surface-confined poly(aniline). A small carbonyl
band related to a quinonimine hydrolysis product was also noted in the RAIR spectra of
both oxidized monolayers. RAIR spectra for o.x(non-aq)-A.nC6SHJAu. and ox(non-aq)AnC7SH/Au indicated surface-confined aniline dimers were formed with no hydrolysis
product.
The electrochemical and microscopic characteristics of poly(aniline) and poly(ophenetidine) nucleation/growth on AnC 6 SH/Au and AnC7SH/Au were investigated using
electrochemical and scanning probe methods. Electrochemical polymerization of aniline
on AnC 6 SH/Au and AnC7SH/Au yielded loosely adherent polymer films comprised of
poly(aniline)

nodules

as

indicated

by

scanning

tunneling

microscopy

images.

Alternatively, poly(o-phenetidine) films on AnC 6 SH/Au and AnC7SH/Au formed
smooth, featureless films that were strongly adherent to the underlying monolayer.

xx
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Chapter 1
Introduction

1.1

Overview of Research Goals
The ultimate, long-term goal of this research is a surface-confined conducting

polymer wire formed by the controlled, localized (nm-scale) oxidation of tethered
monomer units using the tip of a scanning tunneling microscope (STM), Figure 1.1.

(Q ) = Substrate support
0

= Monomer tail group
= Binding head group

vaaa/

= Alkane tether

Figure 1.1
Cartoon depicting the theoretical polymerization of surface-confined
monomers using the STM.

Such STM tip-based methodology for production of monomolecular thick polymer wires
would provide a novel means of creating “nano”-scale devices for various applications,

1
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as well as a vehicle for obtaining fundamental insight into the coupling mechanisms of
surface-confined monomers. In addition, the resulting nanoscopic materials would allow
for investigations surrounding molecular-scale versus bulk polymer properties and
structural and stability concerns related to monomer monolayers (in comparison to
polymeric monolayers). Once developed, monomolecular polymeric wires could be used
as optical and electronic switches in the design of electronic devices, electrodes for new
sensor technology, and templates for lithographic techniques. Accomplishment of this
goal would represent a great stride toward the fabrication of molecular-scale devices.
Currently, industrial techniques can produce device features with dimensions ranging
from microns to several tens of nanometers. Alternatively, monomolecular wires created
through use of the scanning tunneling microscope would result in devices with molecular
dimensions.
In pursuit o f this goal, aniline-terminated monomer monolayers containing an
alkanethiol tether will be synthesized and allowed to self-assemble on Au surfaces. A
monolayer containing an aniline tail group was chosen due to several factors. Aniline
can

be polymerized by

both chemical

and electrochemical

methods to

form

poly(aniline ) . 1-3 The formed poly(aniline) is chemically stable in one of three possible
polymeric states, can be formed in a variety of solvents, and the neutral polymer does not
degrade oxidatively under ambient laboratory conditions, as do some conducting
polymers such as poly(acetylene) or poly(pyrrole ).4-5 The choice o f an organothiol-based
monolayer system was made due to the known stability and structure o f n-alkanethiols on
Au .6-9 This research seeks to form a surface-confined conducting polymer monolayer
that could, in the future, be formed on insulating surfaces, such as silicon oxide, allowing

2
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for construction

of conducting elements atop an insulator.

The macroscopic

characteristics o f the monolayer must first be evaluated on Au. Such a scenario provides
for the ability to electrochemically control and spectroscopically probe the properties of
the monolayer on the surface.
After synthesis and self-assembly o f the aniline-terminated monolayer on Au, the
monolayers
voltammetry.

will

be

electrochemically

(oxidatively)

polymerized

using

cyclic

The oxidized surface-confined monolayer will then be analyzed using

electrochemical

and

infrared

spectroscopic

techniques

for

evaluation

of

the

polymerization event. These studies will probe the fundamental aspects concerning the
differences between surface-confined and bulk polymerization characteristics. Some of
these aspects are the polymerization mechanism, polymer chain twisting, polymer length,
and polymer chain defect differences that may exist between surface-confined and bulk
poly(aniline) species.

The electrochemical properties and microscopic differences

between surface-confined and bulk poly(aniline) will also be probed.

Once these

electrochemical properties of the surface-confined monolayer and polymer have been
ascertained, polymerization of the surface-confined monolayer can be attempted using
the scanning tunneling microscope to create a monomolecular layer of poly(aniline).

1.2

Research Synopsis
Aniline-terminated alkanethiol monomers that have six and seven methylene units

between the thiol binding site and the aniline tail have been synthesized for
experimentation.

The

2 -(6 -mercaptohexan-l-oxy)aniline

(AnC 6 SH)

and

mercaptoheptan-l-oxy)aniIine (AnC7SH), Figure 1.2 were characterized by several

3
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2-(7-

SH
SH

Figure 1.2
S tru ctu re o f (A) 2-(6-m ercaptohexan-l-oxy)aniIine an d (B) 2-(7m ercatoheptan- l-oxy)aniline monomers.

techniques including infrared spectroscopy (IR), gas-chromatography/mass spectroscopy
(GC-MS), and high-resolution electron-ionization mass spectroscopy (EI-MS).

These

analysis indicate that the thiol-based monomers are >98% pure. Upon assembly on Au,
the aniline-terminated, self-assembled monolayers (SAMs) were characterized with
reflection-absorption

infrared (RAIR) spectroscopy

and voltammetric techniques.

Comparison of the RAIR spectra of AnC 6 SH and AnC7SH monolayers on gold
(AnC 6 SH/Au and AnC7SH/Au) to their isotropic spectra (neat liquid) reveals that the
structure of both monolayers is determined by the packing arrangement o f the aniline tail
group. This is noted by inspection of the band positions and the intensity ratios of the
aromatic ring vibrations for the surface-confined monomer versus those o f the isotropic
monomer. These observations lead us to conclude that the surface-confined molecules
are canted significantly from the surface normal.

4
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Cyclic voltammetry with 1 M H 2SO 4 supporting electrolyte was used to initiate
polymerization of AnC 6 SH/Au and AnC7SH/Au. The potential was scanned oxidatively
from 0.0 to +0.9 V vs. SSCE at a scan rate o f 0.1 V s '1. A large irreversible oxidation
wave at +0.7 V vs. SSCE was observed during the first voltammetric scan.

This

oxidation wave is attributed to radical-cation formation among the surface-confined
monomers. Subsequent voltammetric scanning m the 0.0 to +0.9 V vs. SSCE potential
range resulted in observation of a series of complex oxidation/reduction waves for both
ar-A nC 6 SH/Au and o.t-AnC7SH/Au.

Voltammetry o f o.r-AnC 6 SH/Au and ox-

AnC7SH/Au was compared to voltammetry observed for model compounds in solution
and that of poly(aniline) and poly(o-phenetidine) films electrochemically grown on gold
electrodes. The voltammetry observed for o.t-AnC 6 SH/Au and o.r-AnC7SH/Au is
indicative of polymer, dimer, and hydrolyzed dimer species that result during the
voltammetric excursions in aqueous media. RAIR analysis of o.t-AnC 6 SH/Au and oxAnC7SH/Au was performed to aid in the characterization of the different species.
Infrared vibrations indicative of polymer formation are observed in the RAIR spectra.
The polymer is characterized by the presence of a benzoid ring vibration that decreases in
absorbance intensity and an increase in absorbance o f an infrared vibration due to a
quinoid ring in the RAIR spectra. Formation of some carbonyl containing product is also
observed; the presence of the carbonyl band indicates the formation of degradation
products in the monolayer (hydrolyzed dimers).
In an effort to reduce degradation product formation in the surface-confined
polymers, oxidation of the monolayers was performed in non-aqueous electrolyte
solution.

AnC 6 SH/Au and AnC7SH/Au were oxidized in 0.1 M LiClCVCHsCN

5
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scanning the potential from 0.0 to +0.9 V vs. SSCE at a scan rate of 0.1 V s '1. RAIR
analysis was employed to characterize the oxidized monolayers, and cyclic voltammetry
was used to compare the oxidized monolayers to model compounds in

0 .1

M

LiC lC V C H C N and monolayers oxidized in aqueous acidic solution. The first potential
scan of AnC 6 SH/Au and AnC7SH/Au in non-aqueous solution contains two irreversible
oxidation waves in the voltammogram.

Subsequent potential scanning leads to

observation o f two reversible oxidation waves for both oxidized monolayers. From the
voltammetry o f model compounds in 0.1 M UCIO 4/C H 3CN and that of the non-aqueous
oxidized monolayers in H 2SO 4 , it is concluded that dimers are the main product resulting
from non-aqueous oxidation of AnC 6 SH/Au and AnC7SH/Au.

RAIR spectra were

recorded for oxidized monolayers held at various potentials and then compared to
literature data.

It is concluded that in the non-aqueous solution, coupling between

neighboring aniline rings occurs and produces head-to-tail coupled aniline dimers and no
degradation products (hydrolyzed dimer).
In the last of the studies reported here, AnC 6 SH/Au and AnC7SH/Au were used
as nucleation/adhesion-promoting layers in the electrodeposition of thin conducting Films
of poly(aniline) and poly(o-phenetidine). Monolayer-coated electrodes were immersed in
50 mM aniline or o-phenetidine in 1 M H2SO4. The potential was cycled from 0.0 to
+0.9 V vs. SSCE and the polymerization event (bulk, solution-phase monomer) was
monitored using cyclic voltammetry.

Scanning electron microscopy was first used to

evaluate the morphology of poly(aniline) films deposited on pristine Au and AnC7SH/Au
electrodes; the poly(aniline) thin films appeared smooth (10,000x magnification) by SEM
imaging and led to investigations that employed scanning tunneling microscopy to

6
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ascertain the surface roughness of the poly(aniline) film on AnC7SH/Au.

Scanning

tunneling microscopy (STM) images o f poly(aniline) and poly(o-phenetidine) films
electrochemically deposited on both AnC 6 SH/Au and AnC7SH/Au were dramatically
different. The poly(aniline) films were found to nucleate and form large rough clusters of
polymer material on the surface of the monolayer-modified electrodes. These films were
also found to poorly adhere to the electrode surface, according to a tape test, if they were
deposited by cycling the potential o f the working electrode more than three times
between 0.0 and +0.9 V vs. SSCE. STM images of poly(o-phenetidine) films deposited
on AnC 6 SH/Au and AnC7SH/Au indicated the presence of a smooth polymer film
(almost featureless).

These poly(o-phenetidine) films were observed to adhere (no

removal of film upon repeated application of tape) to monolayer-modified electrode
surfaces without a dependence on the number of potential cycles used for formation of
the poly(o-phenetidine) films.

1.3

Organic Conducting Polymers
Interest in the properties and applications of organic electrically conducting

polymers (OCPs) was first spawned by the development o f highly conducting, anion
doped poly(acetylene) by Shirakawa and co-workers in 1977.10*11 Since this discovery, a
great deal of research has been applied to the development of poly(acetylene) as an
alternative conducting medium for metal films and wires, and new avenues for
electrochemical, and optical sensor development have resulted. Several drawbacks were
found to this system that have impeded potential uses, such as purification o f the final
product from the Ziegler reaction, an exceptionally high oxidation potential o f the
polymer (for doping), and perhaps the greatest obstacle, the lack o f environmental

7
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stability of the polymer . 12 However, the development of conducting poly(acetylene)
proved that organic conducting polymers were synthetically achievable and could offer a
great many advantages for future uses.
As a result of the work with poly(acetylene), a wide variety of conjugated
polymer systems have been developed and studied in hopes of making materials with
improved physical and material properties . ,3' 18

In general, conjugated heterocyclic

organic polymer systems have proven to be a valuable area of research, due to their
properties . 19 Some of the more significant aromatic conducting polymers developed are
shown in Figure I.3 .20 The physical properties of these conducting polymers may easily
be tailored by derivatization of the polymer backbone or altering the dopant ion so as to
customize the polymer for certain physical, electrochemical, and optical properties .4-21
These polymer systems have already been applied to a number of applications including
smart windows, battery technology, electrolytic capacitors, potentiometric sensors,
lubricants, and anti-corrosion coatings, to name a few .4-19-20-22

Research into new

applications using conducting polymers as molecular switches, molecular “muscles”,
laser and light emitting diodes, and optical filters continues .23' 25

One of the most

attractive attributes of conducting polymers is that they may replace metal films/wires for
some applications. Some advantageous characteristics that conducting polymers possess
when compared to metal films/wires are their mechanical flexibility, low cost, and
reduced weight.
Conducting polymer systems function the way they do because of a series of
alternating single and double bonds along the polymer backbone. In the neutral form, the
polymer is an insulator, as are most polymeric materials. When an oxidant is applied to

8
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Poly(acetylene)

X = endgroup
of polymer

Poiy(pyrrole)

Poly(p-phenylene)

Poly(p-phenylene vinylene)

Poly(aniline)

Poly(thiophene)

Figure 1.3

Various conducting polymer systems.
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the polymer, a radical cation may be formed along the polymer backbone. These radical
cations are called polarons, and are considered as defects that contain both spin and
positive charge . 12-19 It is these polarons created along the polymer backbone that result in
the unique ability of conducting polymers to conduct electricity.
When two polarons are formed and are in close proximity to one another, a bond
may be formed due to the instability o f the poiarons.

To keep the polymer in a

conducting form, a dopant ion or counter ion must be present to help stabilize the
polaron. Dopant ions are charged species that are electrostatically bound to opposing
charges along the polymer backbone. Several types and sizes of dopant ions may be used
and each may affect the overall conductivity of the polymer. A drawback to using dopant
ions to produce conducting polymers lies in the solubility of the doped polymeric species.
This salt formation generally produces an intractable polymer that cannot be processed.
This solubility aspect reduces the number of applications for conducting polymer films;
however, techniques have been devised such as spin-coating, and dip-coating to create
thin films of conducting polymers .26
All conducting polymers vary in their chemical and physical properties, as well as
their conductivity values. Among conducting polymers, poly(acetylene) has the highest
conductivity value, approximately 1.7 x 105 S (Q l cm ' 1) . 20-24

Poly(pyrrole), poly(p-

phenylene), and poly(p-phenylene vinylene) have somewhat sim ilar conductivity values
of -1 x 103 S .20-24 A smaller conductivity value of approximately 200 S is found for
poly(aniline); however, better physical properties are displayed by this polymer .20-24
Many conducting polymer systems are not environmentally stable and quickly degrade
when exposed to air (irreversible oxidation). Poly(aniline) has been shown to display

10
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excellent environmental stability in both the doped and undoped forms, allowing for a
wider range of possible applications .5

1.4

Electrochemical Properties of Poly(aniline) and Poly(aniline) Derivatives
Poly(aniline) and can be synthesized by either chemical or electrochemical means

in aqueous acidic media o r non-aqueous media.27-31

Synthesis of the polymer is

achieved by oxidation o f the monomer to first create an aniline radical cation. Radical
cation coupling of the monomers then occurs to form a head-to-tail coupled polymer
chain, Figure 1.4.332 Poly(aniline) can be made to exist and is stable in one of three
oxidation states. Figure

1 .5 . 3 3

in the fully reduced form, the polymer is an insulating

state known as the leucoemeraldine form (LE).34 This form contains a series of benzoid
rings linked by a secondary amine. Two-electron oxidation per four repeat units of the
leucoemeraldine state produces the conducting emeraldine salt

( E M ) . 35-37

This

polymeric form contains a polymeric backbone o f benzoid and quinoid rings linked by
amines and is doped with a counter ion from the solvent electrolyte.

Doping of the

emeraldine salt with a suitable counter ion is a subject of ongoing research.

Many

attempts to increase the conductivity of the polymer have been tried by changing this
counter ion. Acids such as HC1, HBF 4 , CH 3COOH, and H2SO4 have been used at various
pH values to create changes in the polymer conductivity.234,37,38 Further oxidation o f
the polymer in the conducting emeraldine state produces the fully oxidized pemigraniline
form (PN) that is electronically insulating. This form consists of a polymer backbone of
quinoid rings linked by imines; this form of poly(aniline) is unstable with respect to
attack by water. Hydrolysis o f the pemigraniline form of poly(aniline) has been shown to
produce degradation products in the form o f quinone imine throughout the polymer

11
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Polymerization mechanism of alkoxyaniline monomers to form
poly(alkoxy aniline).
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Oxidation states of poiy(aniline) and poly(aniline) derivatives.
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backbone .32-39-41 Formation of degradation products in acidic media within poly(aniline)
hinders polymer chain growth and contributes to chain defects such as twisting and
irregular couplings, which leads to decreased conductivity values.
Each polymeric form of poly(aniline) displays a unique electrical property due to
the oxidation (electronic) state of the polymer backbone, and the various charge states
also yield a polymer with different optical properties. Several reports have shown that
changes in the dopant ion, solution pH, and polymer chain length can effect the
absorption maxima positions of poly(aniline) in the various forms, as expected when one
considers the fact that the optical properties are intimately related to the electrical
properties of the polymer.5>42,43 jh a t is to say, the optical band gap is affected by the
oxidation state of the polymer. An absorption maximum is found for poly(aniline) in the
leucoemeraldine form at 310 nm, maxima at 320, 420, and 800 nm are observed for the
emeraldine form, and maxima at 320 and 530 nm are found in the fully oxidized,
pemigraniline form.44

Recently, substitution o f the poly(aniline) ring to produce

poly(aniline) derivatives has also been shown to provide an alternative method of
changing the optical properties for various applications.
Due to the fact that a variety of substituted anilines are available through synthetic
routes, the properties of poly(aniline)s can be exquisitely controlled. Several conducting
poly(aniline) derivatives have been formed to date, and each polymer contains its own
unique electrical, electrochemical, and optical properties. Some of the more common
substitutions to the aniline ring include alcohol, halide, methoxy and ethoxy chains, as
well as simple methyl and ethyl substitutions .31-45-51 The type and position of substitution
(with respect to the aniline amine) on the aniline ring provides a means of varying the

14
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oxidation potential of the monomer species and the various polymeric forms o f the
polymer.
The conductivity of poly(aniline) and poly(aniline) derivatives in the emeraldine
state is due to polaron formation along the polymer backbone. It has been found that
bulk polymer, when formed in acidic aqueous media, contains short polymer chains, and
degradation products that result during the initial polymerization reaction .32-41 These
degradation products and short chain lengths, as well as polymer backbone chain
twisting, all impede polaron formation along the polymer backbone and thus affect the
conductivity of the conducting polymer.

This has led to investigations targeting

formation o f controlled length polymer in a variety of media; such studies are designed to
minimize

degradation

product

formation

and

improve

polymer

backbone

planarity .5254

1.5

Formation of Thin Films on Metal Surfaces
Several techniques have been developed for creating thin films on a variety of

surfaces, including glass and the coinage metals .26 The technique chosen is inherently
based on the desired film thickness and characteristics of the surface both before and after
modification. Two techniques o f surface modification that have received the greatest
attention in the molecular film domain are the Langmuir-Blodgett and self-assembly
techniques. The popularity of these two techniques is mainly due to their practicality and
the diverse types of assemblies that can be formed.

1.5.1

Langmuir-Blodgett (L-B) Films
Certainly, the most extensively used of all thin film formation methods is the

Langmuir-Blodgett technique. This technique has origins dating back as early as the

15
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Babylonians, but Benjamin Franklin was the first to report on the calming effects of
placing an oil film on water .26 Modem L-B film techniques used today were developed
by Agnes Pockels who created the first monolayers at an air-water interface .55 The L-B
technique has since been used to form stable, thin films ranging in thickness from one
monomolecular layer to several molecular layers (multi-layers).

In this technique,

amphiphilic molecules dissolved in a given solvent are placed on an immiscible solvent
providing for a gas-liquid (typically air-water) interface .26 Using a special trough with a
movable barrier, the disordered amphiphilic layer is compressed, thus increasing the
surface pressure of the molecules.

Compression of the molecules creates an ordered

arrangement due to van der Waals interactions among neighboring amphiphilic chains.
Ordered, close-packed molecules become crystalline when compressed due to these van
der Waals interactions. Once formed, these films are ready for transfer to an underlying
surface using a variety of vertical and horizontal coating techniques. These thin films,
however, are found to weakly adhere to the underlying surface and are easily removed
with organic solvents.

1.5.2

Self-Assembled Monolayers (SAMs)
Another widely accepted means of creating ordered thin films is by the self-

assembly of molecules onto a substrate of interest.56-58

Officially, the technique of

monolayer self assembly was first reported in 1946 by Zisman; however, the potential
applications and uses of self-assembled monolayers were not realized at that tim e .59
Silane based self-assembled monolayers have been used for a variety of applications on a
number of surfaces; however, these monolayers have been found to be disordered and are
prone to hydrolysis, resulting in formation of degradation products in aqueous media .26

16
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Pioneering work using organo-sulfur based monolayers, was performed by Allara and
Nuzzo with their discovery that monolayers could be produced by the adsorption of
disulfides on gold .60 Since that time, self-assembled monolayers (SAMs) based on sulfur
chemistry have been well documented in the literature and investigated for uses ranging
from surface lubrication to ion selective sensors .6162
In the general technique of self-assembly for film formation, a molecule that
contains a functional head group with an affinity toward a given type of substrate
spontaneously self-assembles onto the substrate. SAMs have been used to modify glass
and the coinage metals, but organothiol adsorption on gold has proven to be the easiest
and most studied method of surface modification using SAM s .26-57-61-62 Gold has no
stable oxide and can easily be deposited onto various support substrates using plasma,
thermal, or electrochemical methods.

Organothiol compounds possess a high affinity

toward Au substrates and have been found to spontaneously self-assemble, Figure 1.6.63
Although of some dispute, it is widely thought that the adsorption event leads to loss of
the sulfur hydrogen and bond formation between the Au and S atoms. Research into the
exact mechanism of the gold/sulfur interaction continues in many research groups .64-65
Self-assembly of n-alkanethiol chains of >10 methylene units in length has been
shown to produce a crystalline-like arrangement on the gold surface due to van der Waals
interactions between neighboring methylene chains .26-62

Studies using a variety of

surface analytical techniques, such as X-ray diffraction, high-resolution electron energy
loss spectroscopy (HREELS), and reflection-absorption infrared (RAIR)spectroscopy (to
name a few), have demonstrated that the surface arrangement is determined by the van
der Waals diameter of the largest component attached to the adsorbate and the geometry
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of the underlying substrate .26 62-66 It has been found that adsorption o f n-alkanethiols on
A u ( lll) results in a basic V3 x V3 R30° adlattice structure on the A u ( lll) , Figure 1.6.
The allcane chains in these monolayers have also been found to be canted from the
surface normal by ~30°. The structure o f the A u(l 11) surface, combined with the van der
Waals interactions present among n-alkanethiol chains, result in a close-packed
arrangement of molecules on the A u(l 11) surface.
A principle driving force in the use of self-assembled alkanethiol monolayers is
their ease of synthesis and the wide variety of surfaces that can be created with these
monolayers. The simplest example of surface modification using a SAM is the use of an
n-alkanethiol on gold; thus, a high energy Au surface can be converted to a low energy
surface. This fundamental approach has led to SAMs containing o>-functional groups,
such as -OH, -COO H , - C F 3 , and -N H 2, to name a few. Monolayers such as these have
been used for various applications, such as control of surface wetting properties,
corrosion inhibition, lubricants, and sensors .25-26-62-66-67 In addition to simple alkanethiols,
thiol-based monolayers incorporating larger functionalities such as benzene, thiophene,
and pyridine rings have been self-assembled on Au surfaces

62 68

Rigid rod monolayers

containing alkane chains and aromatic rings have been utilized to create rod like surface
structures for various electrochemical and optical applications .69-70

1.6

Formation of Conducting Polymer Thin Films
In general, there are two main methods used to create ultra-thin films of

conducting polymers on surfaces.-^

The first method involves the electrochemical

polymerization of solution-phase monomer units to form the polymer, which then
nucleates and deposits on a surface due to the insolubility of the o f the polymer in the
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solution, Figure 1.7A. The second method for creating thin polymer films on surfaces
involves the use of self-assembled monomer monolayers.

In this method a monomer

monolayer containing polymerizable functionalities is polymerized after being adsorbed
on the surface, Figure 1.7B. This method provides a means of anchoring the polymer to
the surface and creating polymer films of molecular dimensions. Both methods present
advantages and disadvantages inherent to the formation of thin conducting fiims.

1.6.1

Conducting Polymer-Modified Electrodes
There has been a recent explosion of research directed at the use of

electrochemically deposited polymers on electrode surfaces .25-71-72

In this method of

polymer film formation, an electrode is immersed in a solution-phase monomer and a

Substrate

Substrate

B

rrrrr

Substrate

Substrate

Figure 1.7

Cartoon depicting the polymerization of a solution-phase monomer
(A), and the polymerization of surface-confined monomers (B) on a
smooth substrate.
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suitable electrolyte. An electrochemical/chemical/electrochemical (ECE) reaction is next
employed to deposit the polymer on the electrode surface .73 The potential o f the working
electrode is scanned to cause electrochemical oxidation or reduction of the solution-phase
monomer units so as to form radical cations or anions in solution. A chemical reaction
next occurs where radical cations (or anions) quickly couple to neighboring radicals in
solution to form dimers, tnmers, oligomers, and finally poiymers. The molecular weight
of the material near the electrode surface eventually reaches a value such that it becomes
insoluble and then precipitates onto the electrode surface. Continued scanning of the
electrochemical potential produces an electrochemical response from the conducting
polymer layer, as well as that associated with continued polymer growth. Conducting
polymer films deposited on unmodified or freshly polished electrode surfaces are
generally easily dislodged by a stream of an appropriate solvent, sonication, or
mechanical polishing of the electrode surface. This problem with polymer adhesion has
limited applications that require durable films.
Several methods o f electrode pre-coating or priming have been employed to
create robust, stable conducting polymer films that strongly adhere to electrode surfaces.
These methods employ the use of electrode surfaces modified with a variety of self
assembled monolayers. Recently, several examples of self-assembled monolayers that
promote polymer nucleation can be found in the literature .62-71-74-76

Self-assembled

monolayers were found to promote nucleation by providing covalent binding sites for
coupling o f polymer to the surface.

Such a methodology leads to a decrease in the

amount of polymer material diffusing away from the electrode surface (increased
efficiency).
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Conducting polymer films have been found to strongly adhere to monomer-coated
electrodes and form robust, environmentally stable films, but several problems still exist
with this method of thin film formation.

Some of the problems faced with making

reproducible polymer modified electrodes o f this type are in the electrochemical control
o f polymer nucleation to the substrate surface.

Monomer solution concentration and

electrochemical conditions provide only moderate levels of control over the poiymer film
thickness and generally produce surface-confined polymer with nuclei of - 0 .1 pm
diameter. This characteristic of the polymer-modified electrodes is the result of unequal
deposition of the polymer on the electrode surface due to diffusion in the substrate or
imperfections in the underlying monolayer, as well as random coupling events between
monomers. Therefore, when considering applications of conducting polymers for devices
of molecular dimensions, it would be advantageous to form ordered polymer layers with
a specific orientation on the substrate. This need has led to investigations designed to
create ordered thin films of conducting polymers using Langmuir-Blodgett or selfassembly techniques.

1.6.2

Conducting Polymer Formation from Langmuir-Blodgett Films
A limited number of examples exist that concern the fabrication of ultra-thin

conducting polymer films from Langmuir-Blodgett films o f monomers .77-79

In this

technique, two methods are used to form polymeric L-B films .25 The first technique
requires monomer molecules to be compressed at an air-liquid interface and transferred to
a substrate.

A chemical oxidant is then added to the crystalline layer so that

polymerization of the compressed monomers occurs. Thin organized polymer films from
one to many molecular layers of thickness can be made in this way. A second technique
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that may be used requires that monomers be polymerized in bulk solution, the polymer
spread at the air-water interface, then compressed at the air-water interface .26

As

mentioned earlier in the discussion of L-B films, some disadvantages of the L-B method
exist, limiting applications of such films. Amphiphilic molecules must be used to form
the L-B film. This generally requires that the monomers be derivatized to incorporate a
hydrophilic and hydrophobic functionality capable of forming the L-B film; this
functionality may prevent extensive coupling of monomers, thus decreasing the
molecular weight of the polymer. Another drawback that precludes the widespread use
of L-B polymer films is the physical change that occurs in the thin film upon
polymerization. Thin films made by the L-B process contain close-packed molecules.
When the L-B film is polymerized, the van der Waals interactions may be overcome by
chemical bonds between monomer units; the result is an increase in the stress of the
polymer film, making formation of organized polymer assemblies difficult.
Langmuir-Blodgett films of poly(pyrrole) and poly(aniline) derivatives have been
mentioned in the literature .78-80 These L-B films have been used to study the structure
and physical properties of the conducting polymers, as well as the polymerization and
electron transfer mechanisms.

Recently, L-B films of poly(aniline) and poly(pyrrole)

have been used to form porous thin-films for analysis of gas molecules.79 In general,
however, not many examples of L-B conducting films exist due to their low
processibility.

1.6.3

Formation of Conducting Polymers from Self-Assembled Monolayers
Unlike conducting polymer films constructed using L-B or electrochemical

deposition methods, there are relatively few examples in the literature o f conducting
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polymers made from self-assembled monolayers. That is, polymerization of a pendant
monomer immobilized onto a surface resulting in a surface-confined polymer o f
monomer units. In general, self-assembled monomer monolayers are allowed to selfassemble onto a metal substrate for a given amount of time.

The self-assembled

monomer monolayer is then polymerized using an appropriate technique such as UV
irradiation,

gamma

irradiation,

chemical

oxidation/reduction,

or electrochemical

oxidation/reduction to link neighboring monomers. Polymerization of surface-confined
monomer monolayers provides a vehicle for production o f a polymer layer of molecular
thickness; these films are ideal for the design and fabrication of molecular- and “nano”scale devices.
Several attempts to form surface-confined, polymeric systems have been
performed. The successful UV polymerization of surface-confined diacetylene monomer
monolayers was first reported by Crooks et al. and followed by Ringsdorf and Evans .81-82
Peanasky and McCarley created thiol monomer monolayers on gold surfaces and gold
colloids that contain terminal alkene groups .83 The alkene terminus of the monomer
monolayer was polymerized using gamma irradiation. Lin and McCarley have performed
studies on di-isocyanide monolayers which can undergo chemical polymerization to form
poly(isocyanides ) .84
Willicut and McCarley were the first to electrochemically polymerize a self
assembled pyrrole monolayer to create a surface-confined conducting polymer .85
Pyrrole-terminated alkanethiols were prepared, and after self-assembly on Au, the pyrrole
monomer monolayer was electrochemically oxidized to

form a monolayer of

oligo(pyrrole). This oligo(pyrrole) monolayer quickly degraded when left in air as a
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result of oxidation reactions and thus suffers from environmental stability problems. In
addition, the pristine pyrrole-terminated thiol monolayers were easily oxidized in air,
making their use in STM-tip-induced polymerization schemes near impossible.
Due to the instability o f the pyrrole-terminated monolayers, our approach has
been the electrochemical polymerization of a surface-confined aniline monolayer.
Several examples have recently been presented covering surface-confined poly(aniline)
monolayers .68-86-87 After assembly o f 4-aminothiophenol on gold electrode surfaces, such
layers have been used in an attempt to form surface-confined poly(aniline) and as a
nucleation promoter for bulk deposited poly(aniline) films. Electrochemical oxidation of
the 4-aminothiophenol monolayers in aqueous media was found to yield an electrode
surface modified with 4 ’-mercapto-4-aminodiphenylamine.

Oxidation of the amino

diphenylamine to the quinone diimine followed by hydrolysis resulted in formation of the
quinone monoimine species.

Further oxidation of the surface-confined quinone

monoimine then produced the initial 4-aminothiophenol molecule on the Au, as well as
benzoquinone in solution. Poly(aniline) formation was not found to occur with the 4aminothiophenol on Au system, but the 4-aminothiophenol monolayers were found to be
an effective nucleation promoter in the electrochemical deposition of aniline.
The surface-confined polymerization of aniline monolayers composed of
adsorbates with an aniline ring attached to Au through a methyl and ethyl thiol was
presented during the latter portion o f my stay at LSU .87

These monolayers were

electrochemically oxidized in aqueous media in an attempt to produce surface-confined
poly(aniline).

The authors claim formation of a surface-confined poly(aniline)

monolayer but further work is needed to substantiate this claim.
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Chapter 2
Materials and Methods

2.1

Experimental

2.1.1

Chemicals
All solvents used for experimentation were o f chromatographic grade or better and

were used without further purification.

The 1,6-dibromohexane (Aldrich, 96%), 1,7-

dibromoheptane (Aldrich, 97%), o-aminophenol (Aldrich 99%), KOH (Aldrich, >85%),
NaOH (Aldrich, 99%), thiourea (Aldrich, 99+%), o-phenetidine (Aldrich, 98%), aniline
(Aldrich

99%),

2-methoxy-A/4 -phenyl-l,4-phenylenediamine

(Aldrich,

95%),

3,3'-

dimethoxybenzidine (Aldrich, 97%), dimethylaminomethyl ferrocene (Aldrich, 98+%), direfrr-butyl dicarbonate (Aldrich, 99%), thiolacetic acid (Aldrich, 96%),

1 1 -bromoundecan-l-

ol (Aldrich, 98%), triphenylphosphine (Aldrich, 99%), 11-bromoundec-l-ene (Lancaster,
98%), 2,2'-azobisisobutyronitrile (Aldrich, 98%), and octadecane-1-thiol (Aldrich, 98%)
were used as received.

The 11-ferrocenoylundecane-l-thiol was from a previous

investigation . 1 Lithium perchlorate (Sigma, 96.9%) was vacuum dried for

8

h under reduced

pressure before use. Tetrabutylammonium fluoroborate was used as received (Sachem Inc,
Electrometric Grade). Distilled water was passed through a Bamstead reverse osmosis filter
followed by a Nanopure water system to yield water with a resistivity o f 18 Mi2 cm. All
other materials were of reagent grade or better and used as received from the manufacturer.

2.1.2

Synthesis of Aniline-Terminated Alkanethiols
Both 2-(6-mercaptohexan-l-oxy)aniline (AnC 6 SH) and 2-(7-mercaptoheptan-l-

oxy)aniline (AnC7SH) were synthesized as described in Chapter 3.
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2.13

GC-MS Analysis
All GC-MS analyses of synthesized products were performed on a Hewlett-Packard

5890 series II gas chromatograph which was interfaced to a Hewlett-Packard 5971A
quadrapole mass selective analyzer. Injection of samples into the GC-MS was performed
using split-mode conditions. The capillary column used for GC-MS analysis was a DB-5
column (J&W Scientific, Folsom, CA) that was 30 m x 0.25 mm (inner diameter) with a
film thickness of 0.25 /tm (95% poly(dimethylsiloxane) and 5% poly(diphenylsiloxane)
film). The GC-MS instrument used He as a carrier gas that was maintained at a constant
head pressure of 20 psi. All GC-MS samples were run under the same “DB5 temperature
gradient method” stored in the HP Chemstation software program. This method consists of
a 2 min initial temperature hold at 40°C, followed by a temperature ramp o f 20°C/min until a
temperature of 280°C is reached.

The temperature is then maintained at 280°C for an

additional 25 min.

2.1.4

Surface Derivatization
Au electrodes used for electrochemical analysis of poly(2-phenetidine), 3,3'-

dimethoxybenzidine, and 2-methoxy-A 4 -phenyl-1,4-phenylenediamine were prepared from
99.999% Au wires (Refining Systems, Las Vegas, NV). Electrical contact to the Au wires
was made by soldering a copper wire using silver solder. The Au wires were then sealed in
a soft glass tube using a methane/oxygen flame.

These electrodes were mechanically

polished with sandpaper, followed by various grit diamond pastes. After electropolishing in
1 M HCIO 4 , the electrodes were rinsed with copious amounts of 18 Mi2 cm water, then
blown

dry

with

high-purity

Ni

gas

immediately

before
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further

use.

Substrates for reflection-absorption infrared spectroscopy were prepared using 99.999%
Au (Refining Systems) and 99.999% C r (Kurt J. Lesker).

Glass substrates ( 1 " x 3"

microscope slides) were soaked for about 30 min is freshly prepared piranha solution
(70/30 (v/v) mixture of 98% H2SC>4/30% H 2O 2). C aution! Piranha is a very reactive
m aterial that should be handled with great care. It should be disposed of promptly after
use in order to prevent explosions. The assembly was rinsed with 18 M£2 cm water and
then dried with N 2 gas. These substrates were immediately placed in an Edwards Auto
306 evaporator system where metal evaporation took place. Pressures during evaporation
were never more than 10'6 torr. The glass substrates had a 3 nm Cr adhesion layer
applied to them, followed by a 200 nm Au film. Substrates for surface coverage analysis
were prepared by placing an aluminum mask over freshly cleaved mica and evaporating
-100 nm of Au followed by annealing in a muffle fumace at 300°C for 3 h. A 1" x 3"
aluminum mask with five electrode patterns cut equally along the mask was used to
produce Au(i 11) electrodes. The electrode pattern in the aluminum was made by cutting
two

3

2.1.5

mm holes connected by a

1

mm wide cut creating a dumbbell shape.

Vottammetric Measurements
Electrochemistry was performed in normal three-electrode mode with a PAR

273A potentiostat/galvanostat with the output sent to a Yokogawa 3025 X-Y recorder.
Voltammetry was performed in a conventional glass electrochemical cell with medium
porosity ceramic frits (Ace Glass Inc.) which separated the working, auxiliary, and
reference electrode compartments. Electrochemical potentials were recorded versus a
saturated sodium calomel reference electrode (SSCE). All voltammetry is displayed as
standard i vs. E (current vs. potential) curves.
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2.1.6

Infrared Spectroscopy
All infrared spectra were obtained with a Nicolet 740 Fi'lR system using a liquid-

nitrogen-cooled, wide-band MCT detector. The analyzing chamber was surrounded with
a poly(ethylene) glovebag. The optical bench and sample compartment were purged with
house N 2 passed through a home made water and CCF scrubbing system.

Reflection

spectra were collected using a versatile reflection accessory with retro-mirror attachment
(VRA-RMA, Harrick Scientific) using an incidence angle of

86°

with respect to the

substrate normal. Incident p-polarized light produced by a wire grid polarizer (Harrick
Scientific) set to 90° was used for the reflection experiments. All reflection-absorption
infrared (RAIR) spectra are the result of 2000 scans referenced to a bare Au background.
Happ-Genzel apodization was employed throughout this study. All spectra reported here
were obtained at 2 cm ' 1 resolution. Reported peak frequencies have errors o f ± I cm '1.
Purge correction to remove residual water vapor bands from the RAIR spectra and
baseline correction were performed using the Nicolet SX software.

2.1.7

Contact Angle Measurements
A VCA 2000 Video Contact Angle Instrument (AST Inc.) was used to obtain the

contact angle o f water on the various surfaces. Approximately

6

fiL of high-purity 18

Mf2 cm water were placed on the surfaces and allowed to sit for 30 s before
measurements were taken. All contact angle experiments were performed under ambient
laboratory conditions. Five independent measurements on each sample were averaged to
obtain the contact angle data.

2.1.8

Scanning Tunnelling Microscopy (STM)
STM images were obtained using a Nanoscope HI Scanning Probe Microscope

(Digital Instruments, Santa Barbara, CA) equipped with a 0.8 fim x 0.8 fJm piezoelectric
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scanner that was operated in air. The scanning head assembly was isolated from low- and
mid- frequency vibrations by suspension from a homemade vibration dampening system
with a resonant frequency close to 1 Hz.

In all experiments, Pt-Ir tips and freshly

prepared samples on Au/mica were used for imaging. All STM images were acquired
using the topographic (constant-current) mode.

Calibration of the piezoelectric was

performed using highly oriented pyrolytic graphite and/or bare A u ( l l l ) samples.
necessary,

images

were

low pass

filtered and

flattened using the

If

instrument

manufacturer’s software.

2.2

Reflection-Absorption Infrared Spectroscopy (RAIRS)
To study thin films on surfaces, two main infrared spectroscopic techniques have

been developed, namely attenuated total reflection (ATR) infrared spectroscopy and
reflection-absorption infrared spectroscopy (RAIRS).

In both RAIR and ATR-IR

techniques, a normal FT-IR instrument is used with the exception that the sample cell is
modified to accommodate a means of interfacing the infrared radiation with the sample
on a reflective surface.

ATR-IR incorporates the use of a crystal called an internal

reflection element. This infrared transparent crystal is made of a high refractive index
material, such as silicon, germanium, or thallium bromide/thallium iodide.-

Incident

radiation propagates through the ATR-ER crystal by total internal reflection; this occurs
due to the difference in refractive indices of the more dense crystal and the less dense
sample. When the angle of reflection reaches a critical angle, 9C, total internal reflection
occurs. It has been shown both theoretically and experimentally that upon reflection at
the crystal-sample interface, a small amount of radiation is transmitted, thus creating an
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evanescent radiation field that interacts with the less dense medium before reentering the
ATR-IR crystal.2

The depth of penetration of this evanescent field may be from a

fraction of a wavelength to several wavelengths and is dependent on many factors, such
as the wavelength of the radiation, the difference in the index of refraction of the crystal
and the sample, and the angle of the radiation at the interface .2 When absorption of the
radiation present in the evanescent field occurs (by the sample), the result is attenuation
o f the radiation at that wavelength.
RAIR

spectroscopy

is

another

important

technique

developed

for

the

characterization of thin films on surfaces. The theory of RAIR spectroscopy was initially
developed in 1959 by Francis and Ellison who were able to demonstrate that adsorbed
films could be analyzed using an infrared beam at a grazing angle of 18°.3 Later in 1966,
Greenler was able to quantitate the absorption intensities o f monolayers in RAIRS from
an isotropic model.4 Application o f RAIRS to alkanethiol monolayers on gold was later
pioneered by Allara and Swalen in

1983 and further advanced through the

characterization of such monolayers on gold by Porter et al. in 1987.5-6
In the RAIRS technique, infrared radiation is directed at a reflective surface at
near grazing angles (optimum on Au is

8 8 °),

and as a result, the incident and reflected

waves are able to constructively combine to form a surface standing wave of non-zero
amplitude. This standing wave that is normal to the surface will interact with the sample.
If, however, the infrared light is directed at the metal surface at angles near normal to the
surface, complete destructive interference occurs and the amplitude o f the standing wave
will be zero; thus there cannot be any interaction with an adsorbate on the surface. This
explanation can be more properly stated by considering the polarization of the incident
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light, Figure 2.1. W hen light impinges on a metal surface, reflection o f the s-polarized
component of light results in a 180° phase shift at all angles of incidence. In this case,
the incident and reflected electric vectors of the s-polarized light will cancel each other,
producing no noticeable interaction with the adsorbed molecules.

The p-polarized

component, conversely, undergoes a phase shift of 90° upon reflection from the metal
surface. This phase shift is strongly dependent on the angle o f incidence. Thus for ppolarized light at high angles of incidence, the electric vectors o f the incident and

Electric field vectors
180°out of phase
Polarizer

A

Electric field vectors
90°out of phase
Polarizer
p-polarized
"* light
B

Figure 2.1

Diagram depicting the phase shift of the electric field vectors before
and after interaction with a reflective metal surface for s-polarized
(A) and p-polarized (B) light.
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reflected light combine to form a non-zero standing wave with a sizeable electric
component normal to the metal surface. This standing wave is able to interact with
surface molecules to produce a noticeable absorption spectrum.
According to RAIRS theory, the optimum angle of incident light can be
determined by relating the frequency dependent complex refractive indices, Hj, to the real
refractive index, rij, and the absorption coefficient, kj, o f the material, j (Equation 2.1).

E quation 2.1

Hj = rij - ikj

From this relationship, an equation can be formed which expresses the optimum angle at
which incident light of a known wavelength will impinge on the metal surface and
interact with the adsorbed film, Equation 2.2.

E quation 2.2

j3= (2mijd cos <fo)/X

In the previous equation, ft represents the change in phase of the incident light, d is the
film thickness, and A is the wavelength o f infrared light under inspection. In the studies
by Greenler, this equation was applied to various metals and adsorbate film thicknesses to
produce a plot o f the surface intensity function versus the optimum angle of incidence .4
This plot is logarithmic in appearance and shows a dramatic increase in the surface
intensity function beginning at an incidence angle of roughly 50°. From this point, a
sharp increase is observed in the plot where a maximum value at

88°

is reached. This

angle is the theoretical optimum angle of incidence, but this angle is normally optimized
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experimentally according to the film thickness under inspection and the type of reflective
surface.
RAIRS has become a powerful tool for the analysis and characterization of
organic thin films on metal surfaces. An important aspect of RAIRS analysis is that ppolarized light interacts with molecules (excitation occurs) only if they contain transition
dipole moments with a component perpendicular to the surface normal, thus resulting in
the presence of vibrations with appreciable absorbance in the infrared spectrum .7 This
selection rule allows for determination o f the direction of transition dipoles within the
molecular film, which in tum can be used to obtain the orientation of the adsorbate
molecules on the metal surface. Figure 2,2 depicts an alkanethiol monolayer on a metal
surface with the chain axis oriented normal to the surface. The directions of the transition
dipole moments for two of the moieties o f the adsorbate are also shown. In this figure,
the symmetric and asymmetric methylene vibrations contain transition dipole moments
that are parallel to the surface (X-Y plane), while only the terminal methyl group has
associated with it transition dipoles oriented perpendicular to the surface. Thus if it were
the case that n-alkanethiols on Au adopted a structure that had the chain axis
perpendicular to the Au, the va(CH 2) and vs(CH 2) modes would not be observed in the
RAIR spectrum. However, it has been found that when n-alkanethiol molecules are in a
close packed arrangement on the surface, a chain tilt o f approximately 30° fits the RAIRS
data .8 This chain tilt was determined by analysis of the methylene vibrations in the RAIR
spectra of n-alkanethiol monolayers on Au. Using theoretical calculations for various
vibrational intensities and the observed vibrational intensities for these thin films
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vs(C H 3)

Metal Surface

*
Y

Figure 2.2

Cartoon depicting a surface-confined, self-assembled monolayer on a
metal surface and the transition dipoles (arrows) for the CH2 and CH3
groups of the monolayer.

the orientational analysis was performed to yield the -30° tilt angle, as well as the
rotation of the alkane chain in alkanethiol monolayers on various substrates .5' 7 This was
achieved through use of Equation 2.3 which describes the average angle between the
transition dipole moments and the surface normal, 0 ^ , as a function of the intensity
observed, / 0bs, and the calculated intensity, 1 ^ .
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Equation 23

COS ^ t i t = (^obs/ 3 /calc)

This equation requires that at least two transition dipole moments perpendicular to the
adsorbate surface exist in the monolayer film.

2.3

Theory of Electrochemical Measurements
Electrochemical measurements are diverse and powerful in nature; thus, a wide

variety of molecules can be investigated and their electrochemical characteristics
examined.
transfer

These measurements are useful for the study of heterogeneous eiectronreactions,

electrochemical

catalysis,

polymerization

reactions,

and

characterization of surfaces to name a few .9- ' 1 In particular, cyclic voltammetry has
become a useful technique for the evaluation of both organic and inorganic molecules.
Conventional CV experiments employ a three-electrode system consisting of a working
electrode, a counter electrode, and a reference electrode. The potential of the working
electrode is scanned linearly versus the reference electrode from an initial potential, Ex, to
a predetermined potential, Ext. (the switching potential) where the scan is reversed,
Figure 2.3. If the scan rate (v), is controlled, then the potential (£) at any time (t) is
determined by Equation 2.4.

Equation 2.4

E (t) = E i - v t

An example of a typical reversible current-voltage scan (voltammogram) o f
dimethylaminomethyl ferrocene is given in Figure 2.4. The important characteristics o f
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Diagram of a potential scan for cyclic voltammetry.
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£(V ) vs. SSCE

Figure 2.4

Cyclic voltammogram of 1 mM dimethylaminomethyl ferrocene in 1
M KNO3 scanning the potential from 0.0 to +0.6 V vs. SSCE at a scan
rate of 0.1 V s'1.
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the voltammogram are the cathodic (Epx) and anodic (EpA) peak potentials, the cathodic

(ip,c) and anodic (i'p,a) peak currents, and the half-wave potential (Em ). The E m of an
electrochemical system is defined as the position midway between Epx and EP%C.9A2 If the
electron-transfer reaction is fast enough on the time scale of the electrochemical
experiment so that oxidation and reduction o f species at the electrode surface is rapid
enough to maintain equilibrium at the electrode surface, then the reaction is considered
reversible. A reversible system has an EpA and Epx peak separation of 0.059In V at 25°C,
where n is the number of electrons transferred in the electrochemical reaction .912 In a
reversible electrochemical reaction, the ratio of the oxidized and reduced species at any
given potential may be determined by the Nemst Equation (Equation 2.5).

Equation 2.5

E = E ° ' - (R7VnF)ln(CVC*o)

In this equation, E °' is the formal reduction potential, R is the universal gas constant, T is
the temperature in Kelvin, n is the number of electrons transferred in the reaction, F is the
Faraday constant, and C*o and C*r are the bulk concentrations of the oxidized and
reduced species, respectively. Another important aspect of electrochemical reactions is
the linear dependence of the current on the square root of the scan rate. This relationship
is evident in the Randels-Sevcik equation, Equation 2.6.

Equation 2.6

ip = (2.69 x \tf) n m ADinC 'vw-
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In Equation 2.6, the reversible system is maintained at a constant temperature o f 25°C, A
is the area of the electrode surface, D is the diffusion coefficient, and C* is the bulk
concentration o f the species. Thus, a linear plot o f ip vs. v for an experimental system
indicates that the reaction is diffusion controlled.
Cyclic voltammetry has also been used in recent years for the electrochemical
synthesis of conducting polymer films on metal electrode surfaces . 13-16

Typically,

potential scanning of the working electrode in the monomer solution results in
observation of an irreversible oxidation wave that is attributed to the formation o f radical
cation monomers in solution. The activated monomers can then couple together (radicalradical coupling) to form a polymer. Once the molecular weight of the polymer is such
that its solubility is low, the polymer deposits on the electrode surface to yield a
conducting

film.

This

type

of

reaction

is

generally

termed

an

ECE

or

electrochemical/chemical/electrochemical reaction . 12 The presence of the conducting
polymer film is noted during subsequent potential scans, where reversible voltammetry
due to oxidation and reduction of the polymer film is observed.
Aniline-terminated monomer monolayers have been self-assembled on gold
electrode surfaces in this research.

It is reasonable to theorize that scanning the

electrochemical potential of a surface modified with this particular monomer monolayer
film would be similar to the electrochemical oxidation of monomers in bulk solution;
however, the electroactive species in this case would be surface-confined.
depicting

a

surface-confined electroactive

species

is

provided in

A cartoon
Figure

2.5.

Adsorbed electroactive species on electrode surfaces exhibit electrochemistry
slightly different from bulk solution species. Electrochemically reversible systems (one-
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Figure 2.5

Cartoon depicting an electroactive surface-confined species on an
electrode surface.

electron systems) investigated in bulk solution tend to exhibit voltammetry with a peak
splitting of approximately 0.059 V at 25°C. However, adsorbed electroactive molecules
on electrode surfaces display a peak splitting o f 0 V.

This zero value for the peak

splitting is due to the fact that adsorbed species do not freely diffuse to/from the electrode
surface during oxidation or reduction. For adsorbed species, the electrochemical current
is dependent on scan rate and not on the square root of the scan rate, as is the case for
bulk species. This relationship is observed in Equation 2.7 for the current resulting from
electrochemical perturbation of a surface-confined electroactive species at 25°C.

Equation 2.7

tp = (9.39 x 10s)tt2vAr*
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In this equation, A is the area of the electrode surface and r* is the surface concentration
of the electroactive species. A plot of the peak current versus scan rate should produce a
straight line if a species is surface-confined.

Cyclic voltammetry thus provides a

powerful technique for investigating surface-confined versus solution redox reactions,
and allows the qualitative investigation of these species.
Some adsorbed species, such as self-assembled n-alkanethiol monolayers, tend to
form a protective barrier hindering the closest approach of bulk redox species and ions to
the electrode surface . 101718 This self-assembled monolayer on an electrode resembles a
parallel-plate capacitor.

Therefore, electrochemical capacitance measurements of

electrodes coated with the monolayers can provide information regarding the blocking
ability of the adsorbed species. The capacitance, Cd, o f the system may be calculated
from Equation 2.8.

Equation 2.8

Cd = Eod d

In this equation, d is the film thickness, e is the dielectric constant of the molecular
assembly, and Eo is the permittivity of free space. Analysis o f this equation predicts that
the capacitance o f the system should decrease with increasing separation distance o f the
bulk solution from the electrode surface.

Cyclic voltammetry o f a coated electrode

surface can be used to determine the double-layer capacitance through use of Equation
2.9. The difference in capacitance between the coated and the bare electrode provides an

Equation 2.9

i = vCaA
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understanding o f the blocking ability, the number of “pinholes,” ion transport ability, and
the separation of charge at a coated electrode in an electrolyte solution .91112
Reductive desorption experiments performed on self-assembled alkanethiol
monolayer-coated electrodes provide a means of determining the total number of
molecular species adsorbed on an electrode surface.1V~° In this type o f analysis, the
potential of a monolayer-modified electrode surface is scanned cathodically to produce a
voltammetric wave (current) that is proportional to the amount of adsorbed species on the
electrode surface. This reduction current is due to desorption of the monolayer from the
electrode surface, Equation 2.10.

Equation 2.10

RS-Au —> RS' + Au°

This equation describes an alkanethiol monolayer, RS, bound to a gold surface.
Reductive desorption of the monolayer from the surface produces neutral gold, Au°, and
the thiolate, RS', which diffuses away from the surface into the electrolyte solution.
Integration of the voltammetric reduction peak allows for the charge to be determined for
the adsorbed species. The charge ( 0 is then used in conjunction with Equation 2.11 for
determination of the electrode surface coverage, I*.

Equation 2.11

F*= Q/nFA
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In the reductive desorption experiment, the potential at which desorption occurs
for self-assembled alkanethiol monolayers can be used as a measure o f the surface
stability of the adsorbed species. Surface species that are close packed (ordered) will
have a reduction potential more negative than that o f species which are less ordered.
Less ordered monolayers allow for more facile ion transport to the S-Au interface, thus
leading to more positive reduction potentials . 19- 0

Reductive desorption experiments

provide a means of determining the amount of species on an electrode surface and the
stability of such species.

2.4

Scanning Tunneling Microscopy (STM)
Many analytical tools and methods have been developed in the last 20 years to aid

chemists in the study of the characteristics and properties of surfaces and thin films. Of
these techniques, only STM has been proven to provide spatial resolution on a molecular
scale allowing determination of the true nature of surfaces and films in their native
environments .21 The basic theory of this technique was developed in the mid 1960s and
early 1970s, but experimental verification of the technique was not realized until suitable
materials had been developed for controlling the coordinates of the tip with high accuracy
and precision. Binnig and Rohrer provided the first demonstration of the STM technique
in the early 1980s.22 This technique has since become a routine means o f studying the
structure and properties of a host of bare and conducting surfaces.23
In order to image a surface with atomic resolution, an atomically sharp tip is
brought very close (-1 nm) to the conducting surface of interest.

The STM tip is

supported by a cylindrical piezoelectric tube which allows for the movement o f the tip
with sub-nanometer resolution. Control of tip motion is achieved through the use of the
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piezoelectric, which is a ceramic material that expands in size in directions (X,Y,Z) due
to applied voltages. When the tip is close enough to the conducting surface (~1 nm), a
potential is applied to the tip which yields a tunneling current. This tunneling current
traverses a distance between the tip and surface, as a result of interactions between the
electronic wave functions of the tip atoms and the surface atoms. The magnitude of the
tunneling current flowing between the tip and the surface is dependent on the distance
separating the tip and surface, and the bias voltage applied between the tip and surface
(£ s). This relationship is described by Equation 2.12.

Equation 2.12

/ «= € 2Kd

In this equation, I represents the tunneling current,

k

is a variable that is dependent upon

the bias across two electrodes (£ s), and d is the separation distance between the tip and
the sample surface. From the equation, it is seen that an exponential dependence exists
between the tunneling current, /, and the separation distance, d.

This exponential

dependence allows high spatial resolution to be achieved in the Z direction.

If one

measures the tunneling current, /, as a function of tip displacement in the X,Y,Z
directions, a three-dimensional plot o f the sample surface may be obtained.
To create a three-dimensional surface plot, the STM instrument may be run in one
o f two modes, constant-current or constant-height, Figure 2.6. In the constant-current
mode, the STM tip is rastered across the surface in the X and Y direction while, the tip
height is adjusted by a piezoelectric transducer in order to keep the tunneling current
constant. The piezoelectric transducer that monitors the current between the tip and
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Figure 2.6

Cartoon depicting the constant-current mode (A) and the constantheight mode (B) of STM.

surface is connected to an electric feedback loop in the instrument which provides the
piezoelectric potential required to maintain a constant current.

Under constant-height

mode conditions, the STM tip is rastered across the surface in the X and Y directions by
the piezoelectric. In this mode, the tip is maintained at a constant height over the sample
surface; thus, when the tip moves over the sample, variations in the current between the
tip and surface result. Both methods produce similar information and allow for collection
o f three-dimensional data. A plot o f the data yields a topographical image.
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2.5

Scanning Electron Microscopy (SEM)
One of the most frequently used techniques for determining the properties and

structure of surfaces is the scanning electron microscope (SEM), Figure 2.7.

The
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Specimen
CR T
Display

Sample C ham ber

Figure 2.7

Diagram of the typical components of an SEM instrument.
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scanning electron microscope is a powerful technique that can provide topographical
information with nanometer resolution in the X, Y, and Z directions. This technique is
currently being used routinely in the computer industry to provide three-dimensional
information regarding fabricated microstructures and devices .2 Some severe drawbacks
to the use of this method can prevent the analysis o f some thin films. When analyzing
non-conductive or poorly conductive thin films on metal surfaces, the electron beam
generated by the filament can be of high enough energy to destroy the thin film .2 If
conductive ultra-thin films are evaluated, images of the underlying surface and not the
structure of the film on the surface are often times obtained. In addition, the vacuum
requirement of SEM instrumentation is also a major concern.

Under high vacuum

conditions, some thin films may desorb into the analysis chamber, thereby preventing
analysis of the film on the surface.

Despite its drawbacks, SEM is still a valuable

technique used by scientists for the three-dimensional structural determination of surfaces
and thin films.
Three-dimensional SEM images are acquired by rastering a focused electron
beam on a sample surface. The electron beam used for SEM analysis is created by an
electron gun, which is generally mounted perpendicular to the surface of interest.
Electrons in the electron gun are created by applying a voltage of 1 to 50 kV across a
tungsten filament approximately 0.1 mm in diameter. The use of a filament to produce
electrons requires the instrument to be maintained at a very low pressure (lO -6 torr) to
prevent shortage of the filament. Alternative filaments may be used such as lanthanum
hexaboride or a carbon rod; these sources are generally more fragile and require a higher
quality vacuum than the tungsten filament. Upon exiting the electron gun, the emitted
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electrons pass a W ehnelt cylinder that contains a negative bias with respect to the
electron gun. This cylinder (sometimes called the crossover) serves to accelerate and
focus the emitted electron beam into a spot that has a diameter of approximately 10-50
pm. From this point, the electron beam traverses a path between two lenses designed to
focus the electron beam onto the surface. The first lens, called the magnetic condenser
lens, is designed to increase or decrease the throughput of electrons to the surface. The
second lens, called the objective lens, is designed to collimate the electron beam
impinging on the surface.

Combined, both lenses produce an electron beam on the

surface with a spot size of approximately 5 to 200 nm in diameter.
When a highly energetic electron beam interacts with a metal surface, several
types of electrons are emitted, such as backscattered, secondary, and Auger electrons; in
addition, X-rays (fluorescence) and other photons are emitted. In SEM, the backscattered
electrons from the surface are collected by a detector, which is used to control the
intensity of a spot on a cathode-ray tube (CRT). Several different detectors can be used
to improve the spot intensity, such as a scintillation detector or a semiconductor detector.
The information gathered in SEM provides information only of the topography of the
sample surface and not that concerning the true image o f the sample surface, as in STM.
Thus the magnification achievable in an SEM experiment is described by Equation 2.13.

Equation 2.13

M = W/w

In this equation M is the magnification, W is the width of the CRT display, and w is the
width of a single line scan across the sample surface. From this equation, an inverse
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relationship exists between the magnification and the line scan width. Theoretically, as
the line scan width becomes infinitely smaller, the magnification should become
infinitely larger, however, due to limitations o f the focusing lenses the highest
magnification achievable is roughly
2.6

1 0 0 ,0 0 0 x

(~6 nm feature size).
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Chapter 3
Synthesis of Aniline-Terminated Alkanethiol Monolayer Precursors

3.1

Introduction
The ease of synthesis of self-assembled monolayers and their spontaneous nature

of self-assembly on a variety of surfaces continue to be a main driving force for their use.
To date, a variety of self-assembled monolayer precursors have been synthesized for
numerous applications and studies.

These monolayer precursors range in size and

complexity, from simple alkanethiols to protein structures, and many can be readily
purchased from chemical suppliers . 1-2

Aniline-terminated alkanethiol monolayer

precursors are not commercially available and must be synthesized. It was theorized that
having an alkanethiol tether with a significant number of methylene units would yield a
monolayer with increased stability and would also provide a means of orienting the
monomer to form polymer chains when oxidized. It has been shown that /i-alkanethiol
monolayers with chain lengths of approximately

10

methylene units or more form

crystalline-like layers due to large numbers o f van der Waals interactions between
neighboring alkane chains.

Therefore, our initial approach to synthesizing aniline-

terminated alkanethiols was to make aniline thiols with

11

and

12

methylene units

between the aniline and thiol functionality.
Many aniline derivatives that are commercially available could be used as
reactants in the synthesis of aniline-terminated alkanethiols.

From a simplicity

standpoint, aminophenol provided the most logical means of attaching an alkane chain to
the aniline ring. A multitude of examples are provided in the literature concerning the
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Sn2 reaction of hydroxyl groups with alkyl halides to yield an ether linkage .3 Essentially,
in this reaction, a suitable base is added in solution to an alcohol to form an oxy anion.
An alkyl halide is added to the oxy anion solution where nucleophilic attack of the anion
on the alkyl halide forms the ether linkage. Attaching an alkane chain to aminophenol
through the phenol moiety would form an alkoxyaniline species, if successful.

Two

aniline derivatives, anisidine (N ^C & tiilO C H s) and phenetidine (NHiCCftH^OCHiCF^)
are commercially available and have been used in several reports to form thin conducting
polymer films. From these reports we theorized that increasing length o f the alkane chain
(alkoxy group) would not hinder the coupling or conducting properties of the aniline
terminal group when such aniline-terminated alkanethiol monolayers on Au are oxidized.
There are three commercially available isomers o f aminophenol that may possibly
be used as a precursor in the synthesis of an aniline-terminated alkanethiol.

Each

aminophenol isomer could be used to synthesize a separate aniline thiol monolayer;
however, due to geometric considerations, it was postulated that only one aminophenol
isomer would be able to successfully couple to form a surface-confined polymer. It was
thought that use of orr/io-aminophenol would result in an adsorbate on Au that had the
aniline ring in a position which would successfully allow for successful polymerization.
The assumption implicit to this hypothesis was that an alkane chain tilt o f -25°-30° would
be operative in the aniline-terminated alkanethiol monolayers. A cartoon depicting the
theorized arrangement of the o-alkoxyaniline thiol monolayer on a gold substrate is
provided in Figure 3.1. From reports provided in the literature, the bulk polymerization
of orr/io-anisidine or orr/io-phenetidine has been shown to produce head-to-tail coupled,

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

SH

SH

SH

SH

SH

Au Substrate

Figure 3.1

Cartoon depicting the theorized orientation of aniline-terminated
monolayers on a flat Au surface.

1,2,4- substituted conducting polymer.

Electrochemical oxidation o f the aniline-

terminated monolayers should thus produce a head-to-tail coupled monomolecular
poly(aniline) layer.

3.2.
Aniline-Terminated Alkanethiol Synthesis Utilizing o-Aminophenol and
Bromoundecene
The original synthetic approach attempted is based on a three-step synthetic
process, Figure 3.2.

The first step in this procedure is the addition reaction of o-

aminophenol to bromoundecene to form 2-(10-undecene-l-oxy)aniline. From literature
preparations, the phenoxide anion salt may be easily formed using a strong base such as
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Procedure for the synthesis of aniline-terminated alkanethiols
employing o-aminophenol and 1 1 -bromoundec-l-ene as initial
reactants.

sodium hydroxide or potassium hydroxide .3 Once the phenoxide is formed, abromoalkene
is added to the solution and the mixture is allowed to react until completed as determined
by thin-layer chromatography. The alkene produced in this first step will then undergo a
radical addition reaction with thiolacetic acid to yield

2 -( 1 0 -thioacetylundecene-l-

oxy)aniline. Several literature procedures describe the irradiation of thiolacetic acid and
a radical initiator with UV light to form a thiolacetic acid radical cation species; in this
reaction, radical-radical coupling among the alkene and thiolacetic acid molecules can be
used to form the alkoxyaniline thioacetate for the next synthetic step .4-5

This step

requires the removal of the acetate group using sodium bicarbonate to produce the thiol.
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In this route, o-aminophenol (2.1 mmol) and excess potassium hydroxide (7.1
mmol) are dissolved using 15 mL ethylene glycol dimethylether (EGDME) in an Ar
purged 50 mL round bottom flask. The o-aminophenol and potassium hydroxide mixture
was stirred to produce o-aminophenoxide.

After approximately 30 min to allow

formation of the anion, the solution was cannulated to a clean 50 mL round bottom flask
containing a solution of 11-bromoundec-l-ene (2.1 mmol) in 15 mL of EGDME. The
solution was heated to reflux and allowed to stir for several hours.

Fractions of

approximately 0.5 mL were removed from the reaction mixture periodically and analyzed
by GC-MS to monitor the completeness of the reaction. When the reaction was deemed
complete, the mixture was transferred to a separatory funnel and 50 mL water was added
to dilute the EGDME and dissolve all water-soluble products such as unreacted
aminophenol and oxidized aminophenol.

Extraction of the aqueous mixture was

performed using three 25 mL volumes of dichloromethane (DCM). The organic extracts
were combined and reduced to a volume of -1 0 mL using a rotary evaporator. To purify
the product ( 2 -( 10 -undecene-l-oxy)aniline) from other extracted by-products, column
chromatography was performed using 240-400 mesh silica gel 60 (Alltech Associates,
Inc.) as the stationary sorbent phase and a 20% mixture of ethyl acetate in hexanes as the
mobile phase. The purified 2-(l0-undecene-l-oxy)aniline fractions were combined, the
solvent was removed by rotary evaporation, and the purified product stored under Ar in a
- 2 0 ° freezer for future use.
The second step in this synthetic procedure was to react the purified 2-(10undecene-l-oxy)aniline with thiolacetic acid in the presence o f a radical initiator under
UV irradiation to form the thioacetate. In this reaction, 2-(10-undecene-l-oxy)aniline

60

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

(0.4

mmol),

thiolacetic

acid

(0.8

mmol),

and

a

catalytic

amount

of

2,2'-

azobisisobutyronitrile (AIBN) were dissolved in 15 mL DCM contained in an Ar purged
25 mL round bottom flask.

The reaction mixture was then placed in a UV reaction

chamber. After 30 min, the reaction mixture was quenched by washing the organic layer
with several volumes of water saturated with sodium bicarbonate.

Extraction of the

resulting organic phase with DCM was performed to obtain the crude product. GC-MS
was utilized to determine the purity o f the mixture.
The first reaction step to form 2-(10-undecene-l-oxy)aniline proved to be fairly
simple and yielded a product that was easily purified using column chromatography.
Several reactions were performed and the best yield obtained for this reaction was
approximately 45%. The low reaction yield is due to the facile oxidation of the aniline
ring due to trace amounts of air and water in the reaction flask during the formation of the
aminophenoxide. Significant problems arose in the second reaction step when the radical
addition reaction was conducted. Formation of the thioacetate using the AIBN radical
initiator caused an extraordinary amount o f side products to be formed, but only a very
small amount (-4% ) of the thioacetate (m/z 337). Purification of the product mixture was
attempted, but the thioacetate was found to irreversibly adsorb to the silica gel of the
chromatography column. Several reaction trials at various exposure times (10 min to 24
h) to the UV radiation were attempted. As the length of exposure of the reaction mixture
was increased, more thioacetate product was observed to form in addition to more side
products.

To insure the synthetic procedure was correct, a control experiment using

nonene to form nonane thioacetate was performed under identical conditions as
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described.

Exposure of the nonene, thiolacetic acid, and AIBN mixture to UV radiation

for 30 min formed nonane thioacetate (83% yield).

3.3
Aniline-Terminated
Aminophenol

Alkanethiol

Synthesis

Using

BOC-Protected

o-

In the second step of the previous synthetic procedure, a radical coupling reaction
was used to form a thioacetate that could be cleaved to produce a thiol product. Radical
formation using UV radiation and a radical initiator proved to produce a host o f side
products that were too numerous to separate using column chromatography.

These

products were thought to form as a result of the reaction of the nitrogen of the aniline
with the radicals present. In an effort to reduce the number o f side products formed in the
radical reaction, terr-butoxycarbonate is used in this procedure to form a tertbutoxycarbonyl (BOC) protecting group on the aniline amine.
Many examples are presented in the literature explaining the use of protecting
groups in complicated synthetic procedures .6-8 The BOC protecting group has been
widely used as a protecting group for amines in the synthesis o f peptides and proteins.
This protecting group is easily introduced to amines and can be removed with the use of
trifluoroacetic acid to regenerate the amine (carbon dioxide and
also formed as side products).

2 -methyl-propene

are

This protecting group will be attached to the amine

functionality of 2-(I0-undecene-l-oxy)aniline before the radical addition synthesis is
attempted.
Synthesis of 2-(10-undecene-l-oxy)aniline was performed as described in the
previous synthetic procedure. To a 50 mL round bottom flask, purified 2-(10-undecenel-oxy)aniline (0.5 mmol) was added to terr-butoxycarbonate (0.5 mmol), in addition to a
catalytic amount of dimethyl amino pyridine (DMAP), and triethyl amine in 30 m L of
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degassed DCM. The solution was stirred at room temperature for several hours so as to
insure a complete reaction. When complete, the reaction mixture was washed with three
equivalents of water, then dried over sodium sulfate, followed by a reduction in volume
to approximately 10 mL a rotary evaporator.

GC-MS analysis of this concentrated

solution revealed a pure product with a mass of 361 amu.
The purified, BOC-protected 2-(10-undecene-l-oxy)aniline was placed in a 25
mL round-bottom flask with thiolacetic acid, AIBN, and dissolved in 15 mL of degassed
DCM. The reaction mixture was then placed in a UV chamber as previously described.
This reaction was found to produce fewer side products and a higher yield (34% by GCMS of crude fractions) than the original synthetic procedure that did not employ the BOC
protecting group on the aniline amine functionality. However, problems occurred in the
purification of this product. The thioacetate product was again found to irreversibly
adsorb to the silica gel of the chromatography column despite changing the mobile phase.

3.4
Aniline-Terminated Alkanethiol Synthesis Using 11-Bromoundecan-l-ol and
-Aminophenol

0

In this synthetic approach a three-step procedure was attempted to form the
aniline-terminated alkanethiol. In the first step, an Sn2 reaction using 11-bromoundecan1-ol and o-aminophenol is performed to create 2-(l l-hydroxyundecan-l-oxy)aniline. A
literature report was used that described the conversion of alcohols to bromides using
carbon tetrabromide and triphenylphosphine .9

Our goal was to

form 2-( 11-

hydroxyundecan-l-oxy)aniline and then convert the alcohol to a halide. Thiols can easily
be formed from an alkyl halide by addition of thiourea to the alkyl halide to form a
thiouronium salt. 10-11

The thiouronium salt can then be hydrolyzed with sodium

hydroxide to form the thiol.

This synthetic procedure is shown in Figure 3.3.
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+ B r(C H 2) 10O H

O (C H 2) [0O H

EGDME

O (C H 2) I0B r

E tO H

NaOH

O (C H 2) 10B r

Figure 3.3

O (C H 2) 10S H

Synthetic procedure for making aniline-terminated alkanethiols
starting with o-aminophenol and 1 1 -bromoundecan-l-ol.

The potassium salt of o-aminophenol was formed in a 50 mL round bottom flask
containing EGDME as described in previous synthetic attempts.

The salt was then

cannulated into an Ar-purged solution of 15 mL o f EGDME and 11-bromoundecan-l-ol.
This solution was heated and stirred while under an Ar atmosphere until the reaction was
complete as judged by GC-MS analysis. When the reaction was complete, the solution
was diluted with 50 mL of water in a separatory funnel and extracted with several
volumes (3 x 25 mL) of DCM. The organic extracts were pooled and rotary evaporated
to

yield

the

crude

chromatography using

2-(ll-hydroxyundecan-l-oxy)aniline
20%

product.

ethylacetate/hexanes was used to purify the

hydroxyundecan-l-oxy)aniline from the side products formed in the reaction.
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Column
2 -(ll-

In a 50 mL round bottom flask cooled by a dry-ice/acetone bath, pure 2 - ( llhydroxyundecan-l-oxy)aniline (0.5 mmol) was dissolved in DCM containing carbon
tetrabromide (0.5 mmol) and triphenylphosphine (0.5 mmol). The reaction mixture was
cooled for ten minutes then allowed to slowly warm to room temperature. The DCM
solvent was removed by rotary evaporation to yield an oily product. Ethyl ether was then
added to the oil to remove the triphenylphosphine oxide side product and the mixture was
filtered. The ether rinse containing the resulting product was analyzed by GC-MS for
purity.
Analysis of the crude product revealed that very little 2-(ll-brom oundecan-loxy)aniline product (17% yield) had been formed and that approximately half of the
triphenylphosphine was unreacted. Several further attempts to produce the bromide using
this method were attempted including trials using BOC-protected 2-(l l-hydroxyundecanl-ol)aniline, but all reactions yielded low quantities o f the target product.

3.5
Aniline-Terminated
Dibromoalkanes

Alkanethiol

Synthesis

Starting

with

a,o>-

In an attempt to test synthetic routes using a dibromoalkane, dibromohexane was
used with the o-aminophenol salt in a Williamson ether reaction, Figure 3.4 .3 In this
procedure, 1 ,6 -dibromohexane (excess) is added to the o-aminophenol salt to produce 2 (6 -bromohexan-l-oxy)aniline. The dibromoalkane used in this synthesis is added in at
least a two-fold excess to prevent coupling of two aminophenol groups to the alkane
chain.

As in the previous synthetic route, it is theorized that once the alkoxyaniline

bromide is formed, the thiol can easily be made by first forming the thiouronium salt.
The salt can then be cleaved using sodium hydroxide to form the thiol. The synthesis of
thiols from halogens has been performed in several literature reports and recently was
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Synthetic procedure for making aniline-terminated alkanethiols
starting with o-aminophenol and 1 ,6 -dibromohexane.

used by Willicut to synthesize pyrrole-terminated alkanethiol monolayers and Peanasky
to form olefin-terminated alkanethiols . 1011
The 2-(6-mercaptohexan-1-oxy)aniline (AnC 6 SH) and 2-(7-mercaptoheptan-loxy)aniline (AnC7SH) were both synthesized using a similar procedure. The potassium
salt of o-aminophenol was made by placing o-aminophenol (9.17 mmol) and potassium
hydroxide (9.17 mmol) in an Ar-purged 100 mL round bottom flask containing dried
ethylene glycol dimethyl ether (50 mL). This solution was allowed to stir for 30 min to
insure phenoxide salt formation. The solution was then cannulated to a second 100 mL
round bottom flask where a Williamson ether synthesis was performed using the oaminophenoxide salt and excess dibromoalkane (22.93 mmol) under an argon atmosphere
in degassed and dried EGDME. The resulting bromide (0.72 g) was purified by column
chromatography using 40 micron silica gel and a 10% hexane/ethylacetate mixture before
the next synthetic step.
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Thiolation of the purified

2 -(a>-bromoalkan-l-oxy)aniline

refluxing a mixture o f the bromide (0.5 g) and thiourea (0.14 g) for
purged ethanol.

was achieved by
8

h in 20 mL of Ar-

To insure completion of the reaction, fractions were removed

periodically from the mixture and tested by thin-layer chromatography. The resulting
thiouronium salt was hydrolyzed by allowing the solution to come to room temperature,
adding one equivalent of sodium hydroxide, and refluxing the mixture for an additional

8

h or until thin-layer chromatography indicated complete conversion. The solution was
next diluted with 150 mL of water in a separatory funnel and extracted using 5 x 30 mL
DCM. The DCM extracts were combined and concentrated by rotary evaporation to
yield the pure 2-(cu-mercaptoalkan-l-oxy)aniline.

Purified products were subjected to

transmission infrared spectroscopy (IR), gas chromatography-mass spectroscopy (GCMS),

and

high-resolution

characterization.

electron

ionization

mass

spectroscopy

analysis

for

2-(6-mercaptohexan-l-oxy)aniline calc. 225.1183, found MS(EI/HR)

225.1192 (8 = 1.9 ppm) and 2-(7-mercaptoheptan-l-oxy)aniline calc. 239.1339, found
MS(EI/HR) 239.1344 (5 = 0.1 ppm).
3.6
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C h ap ter 4
E lectrochem ical an d In frared Spectroscopic C haracteristics o f Aniline-Term inated
A lkanethiol M onolayers on Au

4.1

Introduction
We have synthesized and conducted studies on two self-assembled monolayers

(SAMs) which have an alkoxyaniline tail group that is tethered to a gold surface via an
alkylthiol chain. Reflection-absorption infrared spectroscopy (RAIRS), electrochemical,
and contact angle measurements were performed on pristine

2 -(6 -mercaptohexan-l-

oxy)aniiine (AnC 6 SH) and 2-(7-mercaptoheptan-l-oxy)aniline (AnC7SH) monolayers
self-assembled on Au surfaces. The pristine monolayers were electrochemically oxidized
in 1 M H 2SO 4 , and the resulting voltammetry was compared to electrochemical data
observed for dimeric model compounds and poly(o-phenetidine) films electrochemically
deposited on Au electrodes.

RAIRS and electrochemical data reveal that upon

electrochemical oxidation, AnC 6 SH and AnC7SH monolayers on Au electrodes form
surface-confined polymer, as well as dimers and dimeric degradation products.
4.2

In frared Spectroscopy o f P ristine A niline-T erm inated Monolayers on Au
Transmission (isotropic) spectra and RAIR spectra were collected for both the

AnC 6 SH and AnC7SH materials. Despite the difference in chain length, both molecules
were observed to produce the virtually the same isotropic spectra as well as nearly
identical RAIR spectra (Figure 4.1). For brevity we show only the AnC 6 SH isotropic
spectrum.

The following band analysis is thus for both the AnC6 SH and AnC7SH

monolayers on Au (AnC 6 SH/Au and AnC7SH/Au) compared to the isotropic spectrum
o f AnC 6 SH. The band positions and their assignments are provided (Table 4.1).
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Figure 4.1

RAIR spectra of AnC6 SH/Au and AnC7SH/Au compared to the
isotropic spectrum of AnC6 SH. The isotropic spectra of AnC6 SH and
AnC7SH were identical therefore only one was chosen for comparison
with RAIR spectra.
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Table 4.1. Isotropic and RAIR Vibrational Assignments
AnC6SH IR
Monomer ( c m 1)
3468
3375
3047
2931
2855
1610
1502
1469
1458
1390
1342
1266
1218
1142
1041
905
733

AnC6SH/Au
RAIR (cm '1)
3439
3379
3063
2931
2862
1616
1508
1477
1461
1396
1343
1278
1224
1146
1048
n/o
735

AnC7SH/Au
RAIR ( c m 1)
3459
3377
3063
2929
2857
1616
1507
1475
1461
1392
1343
1277
1222
1144
1048
n/o
738

Assignment
va(N H 2)
vs(NH2)

* C H ) at
va(C H 2)
v5(CH2)

<5(NH)/v(C=C)Ar
v(C=C) at
v(C=C) at

*0=0*
??
??
*A rO )
*C N )
<WjD(CH)Ar

*C O )
£t^oB(CH)Ar
t^ooo(CH)Ar

n/o indicates not observed

4.2.1

4000 to 1700 cm *1 region
In this spectral region, five infrared bands are observed in the isotropic spectrum

occurring at 3468, 3375, 3047, 2931, and 2855 cm '1. These bands are identified as the
asymmetric (va) and symmetric ( vs) N -H stretches for the primary amine, the C -H stretch
for the aromatic ring, and the va and vs C -H stretching modes for the methylene groups,
respectively.

The same vibrations observed in the isotropic spectra are observed at

approximately the same energy in the RAIR spectra for both AnC6SH/Au and
AnC7SH/Au.

4.2.2

1700 to 1300 cm *1 region
In this spectral region, several bands due to aromatic ring stretching, methylene

scissoring and deformation, and N -H deformation are present. Aromatic ring-stretching
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modes ( v( C = C ) at) are observed in the RAIR spectra at roughly 1601, 1508, 1475, and
1455 c m '1. For o-substituted aromatic compounds, ring stretching bands occurring at
1600, 1600-1560, 1510-1460, and 1450 cm '1 are typical; however, these bands are
sensitive to the type of ring substitution.1 Each of the four v(C = C ) at bands observed here
have near-by bands that result in shoulders. In the isotropic spectrum of AnC6SH, the
first band at -1610 c m 1 is associated with an N -H bend and contains a shoulder which is
attributable to a ring stretch v(C = C ) at at 1602 cm '1.2 In the RAIR spectra o f AnC6SH/Au
and AnC7SH/Au, these two transitions are some what better resolved but much lower in
intensity than in the isotropic spectrum. The band at -1508 cm '1 in the RAIR spectra
(ring stretch, v(C = C ) at) contains a shoulder at 1515 cm '1. The shoulder at 1515 cm '1 is
also observed in literature spectra for o-anisidine and o-phenetidine but there is no
mention as to what this band maybe. A third aromatic ring stretch is observed at 1458
c m '1, and contains two shoulders in the isotropic spectrum; these transitions are resolved
into two separate bands in the RAIR spectra. The shoulder occurring at 1466 cm '1 in the
isotropic spectrum is thought to be another v(C = C ) at- This ring stretch is resolved in the
RAIR spectra; bands at 1477 and 1461 cm '1 are observed. The shoulder occurring at
1439 c m '1 in the isotropic spectrum is assigned as a methylene deformation. Two small
peaks at -1390 and -1342 cm '1 are found in all spectra. It is not clear as to what the
nature of these two bands maybe.

4.2.3

1300 to 500 cm *1 region
The transitions observed in this region are associated with C -N and C -O

stretching and in-plane and out-of-plane ring deformations. The 1266 cm '1 band in the
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isotropic spectrum (the -1278 cm '1 band in the RAIR spectra) is assigned as a C -N
stretching vibration and the band at -1220 cm '1 is assigned as an aryl ether stretching
vibration.2 A small shoulder is observed between these two bands only in the isotropic
spectrum, but it is unclear as to what vibration this may be. The next band at - 1145 cm '1
is an in-plane C -H ring deformation, and is followed by two other in-plane ring
deformations at roughly 1075 and 1020 c m 1, as well as an alkyi ether vibration at about
1040 cm '1.3 Finally, an out of-plane ring deformation (£UooP(CH)Ar) is observed at 905
cm '1 in the isotropic spectrum but not in the RAIR spectra, while another out-of-plane
ring deformation characteristic of 1,2-ring substitution is noted in both the isotropic and
the RAIR spectra at -735 cm '1.3
The position of the methylene vibrations, in conjunction with the intensity of the
aromatic vibrations, suggest that the surface-confined AnC6SH and AnC7SH molecules
have assumed an orientation on Au that is dictated by the aniline tail group.

A

quantitative orientation analysis has yet to be carried out for the monolayers but several
qualitative arguments concerning the monolayer structure can be made. All vibrations
occurring in the isotropic spectra are observed in the RAIR spectra for both the
AnC6SH/Au and AnC7SH/Au. The aromatic ring and ether vibration intensities suggest
that the phenoxy head group must be canted away from the surface normal. The band
positions of the methylene vibrations for the aniline monolayers are slightly higher than
those observed for long-chain n-alkanethiols on Au. RAIRS studies of n-alkanethiols on
Au demonstrated that disordered alkane chains yield v(CH 2) values slightly higher (-5-10
cm '1) than those of ordered methylene chains. We find in the monolayer spectra that both
amine vibrations are observed, thus leading us to conclude that the amine functionality
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must be oriented such that the transition dipole moment is directed along the surface
normal. Two positions are available to the amine when the aromatic ring is canted at
some angle away from the surface normal: the amine may either be pointing down toward
the substrate or up away from the surface. In order to gain some insight to the orientation
of the amine, contact angle measurements were performed on the surface-confined
monolayers.
Contact angle measurements were performed on pristine AnC6SH/Au and
AnC7SH/Au using water as the probe liquid.

Average contact angle values (5

repetitions) of 69 ± 2° and 71 ± 2° were found for AnC6SH/Au and AnC7SH/Au,
respectively.

Both monolayers appear to possess equivalent surface energies.

When

compared to literature values of some alkanethiols, the surface free energy is
approximately equal to that of a methyl ether-terminated alkane thiol surface (74°).4
Thus we speculate that the amine functionality is most likely pointed down toward the Au
substrate, because amine-terminated surfaces yield contact angle values o f -40°.

4.3

Surface Density o f Aniline Monolayers on A u ( lll)
To determine the surface coverage of AnC6SH and AnC7SH monolayers on

A u (lll)/m ic a, electrochemical desorption studies were conducted as described by Porter
et al.5 In this technique, the potential of the working electrode is scanned cathodically in
aqueous hydroxide under a nitrogen atmosphere so as to cause thiol desorption from the
gold surface. The voltammetric peak associated with the desorption is integrated to give
the corresponding electrochemical charge which is then divided by the geometric area of
the electrode to yield the surface coverage, r (mol cm*2).
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Octadecane- 1 -thiol was used as a control monolayer to which to compare f*
values for AnC 6 SH and AnC7SH monolayers. Surface coverage values and desorption
potentials (5 trials each) were obtained for AnC 6 SH/Au, AnC7SH/Au, and n-octadecane1-thiol/Au, respectively (Table 4.2).

These f values are quite comparable to

Table 4.2. Surface Coverage and Desorption Potential Data
Monolayer
AnC 6 SH/Au
AnC7SH/Au
ox-AnC 6 SH/Au
o.r-AnC7SH/Au
Octadecanethiol

Surface coverage
(rm o l/c m 2 )
9.3 ± 0.8 x 1 0 1U
9.9 ± 1.5 x 10-'°
8 .8 ± 0 .8 x 1 0 ' 1U
1 1 .8 ± 1 .2 x 1 0 ' 1U
8 .8 ± 0.3 x 10'lu

Desorption Potential
(E(V) vs. SSCE)
- 1 .1 0 ± 0 .0 2
-1.06 ±0.03
- 1 .1 2 ± 0 .0 2
-1.09 ± 0.04
-1.24 ± 0.04

those previously reported for n-alkanethiols on gold surfaces (9.3 x I0 'l° mol cm ' 2) .5
However, the desorption potentials for pristine AnC 6 SH/Au and AnC7SH/Au on Au are
slightly lower than that for well ordered n-alkanethiols on Au.

This information, in

conjunction with the IR data on crystallinity of the layers, indicates that the alkane chains
are in a slightly disordered system.

4.4
Blocking Capacity of Aniline Monolayers on Au to Solution-Phase Redox
Probes
The blocking ability of pristine AnC 6 SH/Au and AnC7SH/Au to a solution-phase
redox probe was evaluated (Figure 4).

Cyclic voltammetry o f the monolayers, on

A u (lll)/m ic a electrodes, between 0.0 and +0.5 V provided a featureless regime to
examine monolayer blocking (data not shown). Dimethylaminomethyl ferrocene in 1 M
H 2SO 4 on a bare Au electrode was found to produce a reversible redox wave centered at
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+0.35 V (Figure 4.2A) and was used for blocking experiments. AnC6SH/Au electrodes
prevented access of the redox probe to the gold surface (Figure 4.2B), while AnC7SH/Au
electrodes were less effective (Figure 4.2C). This difference in blocking is in agreement
with the lower desorption potential observed for AnC7SH/Au (more facile electrolyte ion
penetration).

3 (oA/cm

I

1"■t

1- - - 1— I

+ 0 .5

0.0
£ ( V ) vs. S S C E

Figure 4.2

Cyclic voltammetry of (A) bare gold electrode in 20 mM
dimethylaminomethyi ferrocene/1 M H2SO 4 scanning the potential
from 0.0 to +0.5 V vs. SSCE at a scan rate of 0.1 V s . Cyclic
voltammetry of (B) AnC6 SH/Au and (C) AnC7SH/Au in 20 mM
dimethylaminomethyi ferrocene/1 M H 2SO 4 scanning the potential
from 0.0 to +0.5 V vs. SSCE at a scan rate of 0.1 V s .
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4.5
Electrochemistry of Aniline-Terminated Monolayers on Au in Aqueous
Media
4.5.1

Electrochemistry of monolayers
Electrochemical oxidation of AnC 6 SH/Au and AnC7SH/Au was performed in L

M H 2SO 4 using cyclic voltammetry (CV). Upon oxidation, a large irreversible peak was
observed at +0.7 V for both monolayer systems in the initial oxidative scan (Figure 4.3);

3 pA

+ 0 .9

+ 0 .6

+ 0 .3

0.0

+ 0 .9

£(V)vs. SSCE

Figure 4.3

+ 0 .6

+ 0 .3

0.0

£(V)vs. SSCE

Cyclic voltammetry of (A) AnC6 SH/Au and (B) AnC7SH/Au in 1 M
H2SO4. The potential of the working electrode was scanned from 0.0
to +0.9 V vs. SSCE at a scan rate of 0.1 V s*1.
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this peak is attributed to aniline radical cation formation in the monolayer film. The
current was found to vary linearly with scan rate (between 0.05 and 0.5 V s '1), indicating
the redox event associated with a surface-confined species. Subsequent cycling o f the
potential between 0.0 V and +0.9 V reveals a series o f complex redox waves for both the
oxidized AnC6SH/Au (or-AnC6SH/Au) and AnC7SH/Au (ar-AnC7SH/Au) as seen in
Figure 4.4. Although the RAIR spectra of pristine AnC6SH/Au

ma

+ 0 .9

+ 0 .6

+ 0 .3

0 .0

£(V) vs. SSCE

Figure 4.4

+ 0 .9

+ 0 .6

+ 0 .3

£(V)vs. SSCE

Cyclic voltammetry scans 2-10 of (A) AnC 6 SH/Au and (B)
AnC7SH/Au in 1 M H 2SO 4. The potential of the working electrode
was scanned from 0.0 to +0.9 V vs. SSCE at a scan rate of 0.1 V s'1.
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0 .0

and AnC7SH/Au demonstrate that the monolayers are structurally very similar, the
electrochemistry of the two monolayers is quite different, apparently the result of the
difference in chain length of the alkane tether.
Four redox waves are present in the o.x-AnC6SH/Au voltammetry. The first wave
observed for o.x-AnC6SH/Au occurs at +0.25 V. This wave is small in intensity and was
observed to grow and shift negatively in position with increased cycling time. This wave
has a very small potential difference between Ep,a and £p.c suggesting that the wave is
surface confined. Similar observations are noted for the waves in voltammograms of oxAnC6SH/Au and o.x-AnC7SH/Au. The second wave appearing at roughly +0.4 V is an
intense redox wave that is a shoulder o f the +0.5 V wave. The magnitude o f this wave
grows after several potential cycles suggesting an electrochemical-chemical (EC)
reaction is occurring and more of this species is being produced with further potential
cycling. The third wave observed for ojc-AnC6SH/Au voltammetry occurs at +0.5 V.
This wave is seen to decrease in intensity as the potential is cycled suggesting that this
species is being consumed.

A fourth redox wave is present in the o.x-AnC6SH/Au

voltammetry at +0.6 V; this wave grows in intensity as the potential is cycled after
approximately ten cycles.
All redox waves present in o.x-AnC6SH/Au are present in o.x-AnC7SH/Au, but the
waves for this film are much sharper in contrast (Figure 4.4B). The second redox wave
in o.x-AnC7SH/Au occurs at a slightly lower redox potential and is much different in
form than the ox-AnC6SH/Au redox wave. This wave is apparent only after the initial
voltammetric scan, is much sharper in appearance, and its magnitude does not increase as
dramatically with scan number as in ax-AnC6SH/Au. The third wave at +0.5 V for ox-
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AnC7SH/Au is much smaller in peak intensity than in ox-AnC6 SH/Au suggesting that a
smaller amount of this species is produced in the initial electrochemical oxidation of the
pristine monolayer film. The fourth redox wave present for ox-AnC7SH/Au at +0.6 V is
also very different than the corresponding redox wave for o.t-AnC6 SH/Au. This wave at
+0.6 V is observed in the second potential scan and is much more defined than for oxAnC 6 SH/Au. The wave at +0.6 V is not observed to grow significantly in intensity upon
further potential scanning.

4.5.2

Electrochemistry of poly(o-phenetidine)
To aid in the characterization o f the ox-AnC 6 SH/Au and o.t-AnC7SH/Au

voltammetry, o-phenetidine was chosen as a model compound for voltammetric studies.
The structure of o-phenetidine is similar to AnC 6 SH and AnC7SH that we have
synthesized, and its electrochemistry has been well documented in the literature.6-7
Polymerization of o-phenetidine in 1 M H2SO 4 using a gold electrode by scanning the
potential between 0.0 and +0.9 V was performed in order to form poly(o-phenetidine)
films. Once the polymer film had been formed, the electrode was rinsed with water, and
its voltammetry in I M HC1 was obtained, (Figure 4.5). Three sets of waves are observed
in the voltammogram of the polymer film. The first and third sets occurring at +0.25 and
+0.65 V are assigned as those associated with the leucoemeraldine/emeraldine and the
emeraldine/pemigraniline transformations of the polymer backbone, respectively. These
assignments are based on findings of Park and co-workers for poly(aniline) films and
studies by D'Aprano and co-workers for polymerized substituted anilines .8-9 The second
set of waves in the voltammogram at +0.45 V is due to the formation of degradation
products in the polymer film. The oxidation pathway of aniline polymerization in acidic
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+0.9

+0.6

+0.3

0.0

£(V) vs. SSCE

Figure 4.5

Cyclic voltammetry of poiy(o*phenetidine) film on Au electrode in 1
M HC1. The potential of the electrode was scanned from 0.0 to +0.9 V
vs. SSCE at a scan rate of 0.1 V s*1.

electrolyte solutions has been shown by Bard and co-workers to result in initial
production of paraaminodiphenyl amine (PADA) (Figure 4.6).10

Oxidation of this

intermediate can lead to a quinonediimine species (QDI) that undergoes hydrolysis to
form a quinone monoimine (QMI). The quinone monoimine and the diimine have very
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Figure 4.6

Oxidation pathways of anilines in aqueous-acidic electrolyte solution.
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similar redox potentials in aqueous acidic media, therefore after several cycles enough
degradation product is formed to produce a single redox wave that is actually a
combination of two waves. The oxidation pathways of iV-alkylanilines have also been
studied by Hand and co-workers, and similar degradation products were observed.11

4.5.3 Assignment of feature in voltamogramms of ox-AnC 6 SH/Au and oxAnC7SH/Au
Based on the previously discussed voltammetric behavior of the various anilines,
some conclusions can be made concerning the identity of the species that give rise to the
voltammetry of ox-AnC6SH/Au and ox-AnC7SH/Au.
observed

at

+0.25

V

for

leucoemeraldine/emeraldine

the

oxidized

transformation

The first set of redox waves

films
of

is

attributed

to

poly(AnC6SH/Au)

the
and

poly(AnC7SH/Au). The second set at +0.4 V is assigned as that associated with the
quinone monoimine that is formed upon oxidation of AnC6SH/Au and AnC7SH/Au in
aqueous acidic media. The third set of redox waves at +0.5 V is identified as that due to
the dimer (PADA/QDI couple); this assignment will be discussed in further detail later.
The +0.6 V redox wave observed in voltammograms of ox-AnC6SH/Au and oxAnC7SH/Au

is

attributed

to

the

emeraldine/pemigraniline

poly(AnC6SH/Au) and poly(AnC7SH/Au).

transformation

of

The assignments made for the observed

voltammetry o f ox-AnC6SH/Au and ox-AnC7SH/Au are also supported by studies of
D’Aprano and co-workers.

D ’Aprano studied the polymerization of a series of

substituted anilines, including o-alkoxyani lines, and found voltammetry similar to
poly(aniiine) and poly(phenetidine).9 In these studies, the redox wave at +0.45 V was
assigned as that having to do with degradation products and dimers.
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We identify the redox transformations at +0.25 V and +0.6 V for ox-AnC 6 SH/Au
and ox-AnC7SH/Au as the emeraldine/leucoemeraldine and pemigraniline/emeraldine
couples respectively, and that at +0.5 V as the dimer couple. These conclusions are based
on previous literature data6 and electrochemistry of a dimeric aniline compound. As the
set of waves at +0.5 V decreases in intensity, the redox waves for the +0.25 and +0.6 V
transformations in ox-AnC 6 SH/Au and ox-AnC7SH/Au increase, as do the QI waves at
+0.4 V. To investigate the possibility of dimer formation, the electrochemistry of 2methoxy-A^-phenyl- L,4-phenylenediamine was investigated, Figure 4.7. This molecule

w

+ 0 .8

+ 0 .6

+ 0 .4

+ 0 .2

0.1 pA

0.0

E(V) vs. SSCE

Figure 4.7

Cyclic voltammetry of Z-methoxy-A^-phenyl-M-phenylenediamine in
1 M H 2S O 4. The potential was scanned from 0.0 to +0.8 V vs. SSCE at
a scan rate o f 0.1 V s'1.

produced a redox wave centered at +0.40 V in a solution of 1 M H2SO4, thus supporting
the assignment o f dimer formation in ox-AnC 6 SH/Au and ox-AnC7SH/Au. Oxidation of
this dimer also produces a degradation product whose redox value is +0.35 V; this
product must be the quinonemonoimine.
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Aniline dimer formation has previously been reported in the oxidation o f paminothiophenol monolayers on Au . 12 Radical-radical coupling o f the surface-confined
aniline group was found to produce a quinonediimine species.

This quinonediimine

produced a surface-confined redox wave centered at -+0.5 V. It would appear that dimer
formation is the preferred pathway for coupling of the radical cation monomers during
oxidation of AnC 6 SH/Au and AnC7SH/Au, and further oxidation of this dimer leads to
formation of polymer and hydrolyzed dimer (degradation products). Comparison of the
current intensity o f the polymer wave and the hydrolyzed dimer wave for ox-AnC 6 SH/Au
and o.t-AnC7SH/Au suggests polymer formation is greater in o.t-AnC 6 SH/Au than for
ox-AnC7SH/Au. In o.r-AnC7SH/Au, the amount of dimer is small and decreases with
successive scans. In addition, the second potential scan leads to production of additional
polymer as evidenced by an increase in the current of the +0.6 V transformation, whereas
the current for this wave in ox-AnC 6 SH/Au is much larger. Evidently, the orientation of
the amine in AnC 6 SH/Au allows polymer formation to occur easier than for AnC7SH/Au
and further potential cycling creates more polymeric film.

4.6

RAIRS of Aniline Monolayers Upon Electrochemical Oxidation
To elucidate the structure of the oxidized films being formed, RAIRS was used to

observe the spectra of ox-AnC 6 SH/Au and ox-AnC7SH/Au at different electrochemical
potentials. AnC 6 SH/Au and AnC7SH/Au were first oxidized in 1 M H2SO 4 , removed
from solution, rinsed with water, then emmersed in 1 M HC1 in order to prevent H 2SO 4
film formation. HC1 is a volatile inorganic acid; thus, we are able to completely dry the
surface of the electrode without forming acid films that prevent RAIRS analysis. The
potential of the electrode was again cycled through a potential range of 0.0 to +0.65 V;
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chloride ions adsorb on gold and become oxidized at potentials just past +0.65 V, thus
limiting the potential range that may be used. After several potential cycles, the electrode
potential was returned to and held at 0.0 V, the sample emmersed, rinsed with 1 M HC1,
dried with Ni, and then analyzed by RAIRS to obtain a spectrum o f the oxidized film at
0.0 V. Once the oxidized film was analyzed by RAIRS, the electrode was re-immersed in
1 M HC1 and the potential was cycled to +0.65 V, again emmersed, rinsed, dried, and
then analyzed to obtain a RAIR spectrum of the oxidized film at +0.65 V. The same
process was repeated again, except the potential was returned to 0.0 V.
RAIR spectra obtained for the oxidized monolayers at 0.0 and +0.65 V are
dramatically different than the monolayer spectra obtained previously. It is observed that
the intensity of the methylene bands at 2923 and 2846 cm ' 1 have increased, the bands
associated with the aniline tail group have dramatically decreased in intensity, and
several wavenumber shifts for the ring and ether linkage are now observed.
RAIR spectroscopy o f the oxidized monolayers produced complex spectra due to
dimers, degradation products, and polymer within the oxidized film.

RAIR spectra

obtained for ar-AnC6SH/Au and o.t-AnC7SH/Au are provided in Figures 4.8 and 4.9.
Infrared bands providing spectral information on changes to the poly(aniline) present in
the monolayers include the 1513, 820, and 740 cm ' 1 bands for the 0.0 V spectra, and 1590
and 860 cm ' 1 bands in the +0.65 V spectra. The 1513 cm ' 1 band observed is assigned to
the benzoid vibration for the fully reduced (0.0 V) polymer structure . 1314 The 1513 cm ' 1
(benzoid band) band is accompanied by two active out-of-plane deformation vibrations at
820 and 740 cm ' 1 which are due to 1,2,4-ring substitution in the 0.0 V spectra indicating
head-to-tail coupling of the surface-confined aniline . 1314

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.0005 AU

<D

•e
oc/1

. 0.0 V

X)

<

+0.65 V

■ Return to 0.0 V
1800

1650

1500

1350

1200

1050

900

750

600

wavenumber (cm '1)

Figure 4.8

Low energy RAIR spectra of ox-AnC 6 SH/Au obtained at 0.0 V, +0.65
V, and 0.0 V emmersion potentials.
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Figure 4.9

Low energy RAIR spectra of ox-AnC7SH/Au obtained at 0.0 V, +0.65
V, and 0.0 V emmersion potentials.

Transformation of the reduced polymer film to the +0.65 V, fully oxidized
structure, leads to observation o f two characteristic quinoid bands in the infrared spectra,
the 1590 and 860 cm ' 1 vibrations. The 1590 cm ' 1 band is assigned to the aromatic stretch
of the quinoid species present in the polymer backbone for the fully oxidized
(pemigraniline) state. 1516 This band is accompanied by another band at 860 cm ' 1 that is
due to the out-of-plane deformation of the quinoid ring . 16 Another band that presents
support for polymer formation throughout the oxidized monolayer is a band occurring at
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1623 cm '1; this band has been reported by Ping as a -C = C -C = N - asymmetric vibration
in highly oxidized polyaniline films . 14
These bands present spectral information that supports the presence of
poly(aniline) in the o.t-AnC6 SH/Au and o.t-AnC7SH/Au but not conclusive evidence of
polymer formation in the oxidized film. Degradation products present in the oxidized
films may also present a source for quinoid and benzoid ring vibrations in the RAIR. In
the spectra presented for o.t-AnC6 SH/Au and o.t-AnC7SH/Au a small band occurring at
1657 cm ' 1 appears in the +0.65 spectra. This band does not increase significantly upon
further potential scanning.

Studies of benzoquinone monolayers attached to Au

substrates have been conducted and indicate that the carbonyl band of benzoquinone is at
1660 cm '1. Some carbonyl is present in o.r-AnC6 SH/Au and o.t-AnC7SH/Au; however,
the carbonyl is most likely due to quinone monoimine. If significant amounts o f quinone
were produced the reduced quinone (hydroquinone) would produce a broad OH vibration
in the infrared spectra. This is not the case.
Quinone monoimines are the most likely degradation products produced when the
aniline-terminated monolayers are electrochemically oxidized in aqueous media. This
class of degradation products would also lead to observation of a redox-active species in
the voltammetry, and benzoid/quinoid bands in the infrared spectra similar to that for the
polymer and quinone species. This species would produce an infrared spectrum closely
resembling the dimers and polymer formed in the film. A carbonyl band at -1657 cm ' 1
and an imine band at -1623 cm ' 1 would also be present. A band occurring at 1621 cm ' 1
is observed in the oxidized spectrum for o.t-AnC7SH/Au and is partially covered by
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another band in the ox-AnC 6 SH/Au spectrum. It is not clear if this band is due to dimer,
polymer, or degradation product in the oxidized film.

4.7

Other Characteristics of ox-AnC 6 SH/Au and ox-AnC7SH/Au
To test the environmental stability of the oxidized films, AnC 6 SH/Au and

AnC7SH/Au electrodes were oxidized and allowed to remain under ambient laboratory
conditions. Cyclic voltammetry and RAIRS were performed on the oxidized films every
four hours to monitor changes. After 36 hours, no changes in the RAIR spectra were
observed for the oxidized monolayers.
electrochemical reductive desorption

Oxidized monolayers were also subjected to
as performed previously with the

pristine

monolayer films, to insure that electrochemical oxidation o f the monolayer film does not
desorb molecules from the Au surface.

Surface coverages calculated for the o.r-

AnC 6 SH/Au and ox-AnC7SH/Au and their respective desorption potentials are provided
in Table 4.2. These values are within the standard deviation of surface coverages found
for pristine AnC 6 SH/Au and AnC7SH/Au and demonstrate that desorption o f the
molecules from the Au surface does not occur to any appreciable extent during oxidation
of the aniline monolayers in aqueous media.

4.8

Conclusions
AnC 6 SHAu and AnC7SH/Au have been analyzed by cyclic voltammetry and

RAIR spectroscopy. The orientation o f the pristine monolayer films was found to be
similar and thus must be determined by the packing o f the aniline tail group and not the
alkane chains.

Desorption experiments were performed and AnC 6 SH/Au and

AnC7SH/Au were found to have coverages approximately equal to that of n-alkane thiols
on gold surfaces.

It was determined that AnC 6 SH/Au formed an efficient barrier to
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electron transport, but AnC7SH/Au Films were slightly permeable to the redox probe.
Electrochemical oxidation of the monolayer films in 1 M H 2SO 4 produced some surfaceconfined polymer, dimers, and dimeric degradation products.

Voltammetry of the

oxidized monolayers display waves due to the transformation of the leucoemeraldine
(fully reduced polymer) to the emeraldine state at +0.25 V and the emeraldine to the
pemigraniline (fully oxidized polymer) state at +0.6 V. Aniiine dimer redox activity was
found to occur at +0.5 V and dimeric degradation products of quinone monoimine
showed redox activity at +0.45 V. RAIR spectra o f the fully reduced and fully oxidized
Films contain bands indicative o f the electrochemical transformations between the
reduced and oxidized polymer states, as well as dimer and dimeric degradation products.
4.9
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Chapter 5
Electrochemical and Infrared Spectroscopic Characteristics of Aniline-Terminated
Alkanethiol Monolayers on Au in Electrochemically Treated Non-aqueous Media

5.1

Introduction
Self-assembled alkanethiol monolayers (SAMs) containing an alkoxyaniline tail

group tethered to a gold surface via a nexyi or neptyl chain were synthesized.

The

stability and electrochemical properties of these aniline-terminated monolayers on Au in
non-aqueous media were investigated.

In Chapter 4. we have described the

characteristics o f pristine 2-(6-mercaptohexan-l-oxy)aniline (AnC 6 SH) and 2-(7mercaptoheptan-l-oxy)aniline (AnC7SH) monolayers on Au, as well as those of the two
monolayers after electrochemical oxidation in 1 M H 2SO 4 . In that study it was found that
electrochemical

oxidation

led

to

formation

of

surface-confined

dimeric

oligomeric/polymeric anilines, along with some degradation products.

and

In order to

discourage the formation of such degradation products, AnC 6 SH/Au and AnC7SH/Au
were electrochemically oxidized in 0.1 M LiClOVCHjCN . 10 The resulting voltammetry
was compared to that observed for monolayers oxidized in I M H 2SO 4 and that of
dimeric model compounds in 0.1 M LiClCVCHsCN.

Reflection-absorption infrared

spectroscopy (RAIRS) and electrochemical data reveal that upon oxidation in nonaqueous electrolyte, both AnC 6 SH/Au and AnC7SH/Au yield head-to-tail coupled,
surface-confined dimers and no detectable amounts o f degradation products.

5.2

Pristine AnC 6 SH/Au and AnC7SH/Au
Transmission infrared spectroscopy was performed on AnC 6 SH and AnC7SH

monomers and these spectra were compared to RAIR spectra o f pristine AnC 6 SH/Au and
AnC7SH/Au. It was found in Chapter 4 that the isotropic spectrum o f AnC 6 SH was
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virtually indistinguishable from that of AnC7SH. Thus, in Figure 4.1 and Table 4.1 we
compare the isotropic spectrum o f AnC 6 SH to the RAIR spectra o f AnC 6 SH/Au and
AnC7SH/Au.

5.3

Electrochemistry of AnC 6 SH/Au and AnC7SH/Au in Non-aqueous Media
When electrochemically oxidized in aqueous acidic media, AnC 6 SH/Au and

AnC7SH/Au yield surface-confined oligomers and quinoneimine degradation products.
In an attempt to eliminate production of degradation products and enhance polymer
formation, electrochemical oxidation of AnC6 SH/Au and AnC7SH/Au was performed in
0.1 M LiClO yC f^C N

(o.r(non-a<7 j-AnC 6 SH/Au and ox(non-aq)-AnClSHIAu) by

scanning the potential of the working electrode from 0.0 to +0.9 V vs. SSCE, Figure 5.1.
The first oxidative scan for both monolayers resulted in observation of two irreversible
oxidation waves at -+0.5 and -+0.85 V vs. SSCE. Continued scanning of the potential in
this range leads to voltammograms containing two reversible surface-confined waves at
roughly +0.25 and +0.62 V; the intensity of these waves decreases after multiple potential
cycles. The voltammetry displayed by the oxidized monolayers in this study is similar to
the voltammetry reported for phenyl-capped aniline oligomers in non-aqueous

m e d ia .4

Phenyl-end-capped aniline dimers and tetramers were each found to produce two
reversible redox waves at roughly +0.25 and +0.7 V vs. a Ag wire for dimer and at
approximately +0.35 and +0.8 V vs. a Ag wire for the tetramer.
As discussed in Chapter 4, the voltammograms of ox-AnC 6 SH/Au and oxAnC7SH/Au obtained in aqueous acidic media (1 M H 2SO 4) were found to contain four
surface-confined

redox

leucoemeraldine/emeraldine

waves.
(LE/EM),

Redox
and

activity

associated

emeraldine/pemigraniline
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with

the

(EM/PN)

Figure 5.1

Cyclic voltammetry of the electrochemical oxidation of (A)
AnC6 SH/Au and (B) AnC7SH/Au in 0.1 M UCIO 4/CH 3 CN scanning
the potential from 0.0 to +0.9 V vs. SSCE at a scan rate of 0.1 V s*1.

transitions were observed at +0.2 and +0.6 V vs. SSCE, respectively, as well as that of
the dimer at +0.5 V and hydrolyzed dimer at +0.45 V vs. SSCE, Figure 5.2.
To elucidate the nature of the products resulting from non-aqueous oxidation of
AnC 6 SH/Au

and

AnC7SH/Au,

the

ox( non-aq j-AnC 6 S H/Au

and

ox(non-aq)-

AnC7SH/Au were rinsed with water and dried with N 2 gas, and then the voltammetry
obtained in 1 M H 2SO 4 between 0.0 and +0.9 V vs. SSCE, Figure 5.3. There is no
voltammetric evidence for presence of the hydrolyzed dimer (expected at +0.45 V) on the
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B
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+ 0.9

+ 0 .6

+ 0 .3

0.0

E ( V ) vs. S S C E

Figure 5.2

Cyclic voltammogram for potential cycling of (A) AnC6 SH/Au and
(B) AnC7SH/Au in 1 M H2SO 4 from 0.0 to +0.9 V vs. SSCE at a scan
rate of 0.1 V s'1.
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Figure 5.3

+0.3

0.0

vs. S S C E

Cyclic voltammetry of (A) ox(non-aq)-AnC6SHJA.u and (B) ox(nona^>AnC7SH/Au in 1 M H2SO4 scanning the potential from 0.0 to +0.9
V vs. SSCE at a scan rate of 0.1 V s*1.
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1st anodic scan, but the wave at +0.5 V indicates the presence of dimers for both ox(nona<7J-AnC 6 SH/Au and ox(non-aq)-h.nClSWA.u. Due to the lack o f voltammetric waves
centered at +0.6 V for the EM/PN process in the case of AnC 6 SH/Au, coupled with the
presence of a set of waves at +0.25 V for the EM/LE process, only small oligomers (less
than four repeats) are present. However, the voltammetric features associated with the
LE/EM and EM/PN transitions are found in the 1st cyclic voltammogram of the
AnC7SH/Au, pointing to the presence of large oligomers of polymer. In addition, it is
found that the dimer redox waves at +0.5 V were seen to decrease after further potential
cycling for both the ox(non-aq)-AnC6SW Au and o.r(/ion-a^)-AnC7SH/Au, while
hydrolyzed dimer is formed during this process as noted by the growth o f the redox wave
at +0.4 V for both ox(non-aq)-Ar\C6SlU An and ox(non-aq)-Ar\ClSWJA\i.
To further support our hypothesis that dimer formation has occurred for the
aniline monolayers electrochemically oxidized in non-aqueous solution, the solution
electrochemistry of two aniline dimers was investigated. The voltammetry of 2-methoxyA^-phenyl-1,4-phenylenediamine and 3,3'-dimethoxybenzidine was obtained in 0.1 M
LiClCVCHjCN over the potential range o f 0.0 to +0.9 V vs. SSCE, Figure 5.4. The
choice of 2-methoxy-A'4 -phenyl-l,4-phenylenediamine as a model compound is based on
its structure (alkoxy substituent) and the head-to-tail coupling mechanism proposed for
aniline and aniline derivatives in acidic solutions. In addition, it has been proposed that
head-to-head couplings can occur between aniline rings in the bulk polymerization of
aniline to yield azobenzenes . I-5*7

Production of azobenzenes is favored by high

electrolyte pH o r through the use of non-aqueous solvents containing a proton scavenger.
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MA

+0.9

+ 0.6

+0.3

0.0

£ ( V ) vs. S S C E
Figure 5.4

Cyclic voltammetry of model compounds (A) 3,3'-dimethoxy benzidine
and (B) 2-methoxy-Ar4-phenyI-l,4-phenylenediamine in 0.1 M
LiClOVCHsCN scanning the potential from 0.0 to +0.9 V vs. SSCE at
a scan rate of 0.1 V s'1.

For this reason, the electrochemical characteristics of 3,3'-dimethoxybenzidine were
obtained.
In 0.1 M U C IO 4/C H 3C N , the two model dimer compounds produce two
reversible redox waves. The 3,3'-dimethoxybenzidine has redox waves occurring at
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£°2

= +0.42

and £°i

= +0.62

V,

Figure

5.4A.

phenylenediamine molecule exhibits redox waves at

The

2-methoxy-N 4-phenyl-l,4-

= +0.22 V and a second at £°i =

+0.68 V, Figure 5.4B. The first wave observed in the voltammetry for both molecules is
related to a one-electron oxidation to yield the radical cation species. A one-electron
oxidation of the radical cation then gives rise to the second wave. The voltammetry
displayed by 2-methoxy-AT-phenyl-i,4-phenyienediamine is very similar

(£ " 2

= +0.22 V,

£° 1 = +0.68 V) to the voltammetry displayed by o.t(non-ag)-AnC 6 SH/Au and ox(nona^J-AnC7SH/Au in non-aqueous solution

(£ ° 2

= +0.25, £°i = +0.62 V), while that of

3,3'-dimethoxybenzidine is quite different

(£ °2

= +0.42, £°i = +0.62 V). The First redox

wave appearing at +0.22 V for 2-methoxy-/V4-phenyl-1,4-phenylenediamine is indicative
of a head-to-tail coupled aniline dimer.

Although the 2-methoxy-A 4 -phenyl-l,4-

phenylenediamine does not have the additional alkoxy group on the second ring as would
the AnC 6 SH/Au and AnC7SH/Au dimer, the similarity in the voltammetry of the model
dimer and the oxidized monolayers is striking and further supports our hypothesis of
dimer formation during the oxidation of aniline-terminated monolayers in non-aqueous
media.
In an attempt to produce an irregularly coupled surface-confined aniline dimer,
that is an azobenzene (head-to-head coupling), AnC 6 SH/Au and AnC7SH/Au were
oxidized in non-aqueous solvent with pyridine added as a proton scavenger (ox(py)AnC 6 SH/Au and ojc(py)-AnC7SH/Au).

Pristine monolayer-modified electrodes were

immersed in a solution of 0.1 M tetrabutylammonium fluoroborate (TBAFB)/0.1 M
pyridine/CHjCN and the potential was scanned from 0.0 to +0.7 V and back to -0 .4 V vs.
SSCE, Figure 5.5.

The first potential scan for both AnC 6 SH/Au and AnC7SH/Au
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300 jiA

+ 0.8

+0.4

0.0

-0.4

£ ( V ) vs. S S C E

Figure 5.5

Cyclic voltanunetry of (A) AnC6SH/Au and (B) AnC7SH/Au oxidized
in 1 M TBAFB/0.1 M pyridine/CEbCN scanning the potential from
0.0 to +0.7 to -0.4 V vs. SSCE at a scan rate of 0.1 V s*1.

produced an irreversible oxidation wave at approximately +0.6 V that is attributed to
radical cation formation.

Further scanning of the potential over this region for both

monolayers resulted in observation of a set of quasi-reversible redox waves with an
oxidation potential at approximately +0.25 V and a reduction potential at approximately -
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0.1 V.

The voltammetry obtained for the two chain length aniline monolayers was

compared to the solution voltammetry o f azobenzene in 0.1 M TBAPB/0.1 M
pyridine/CHsCN. The azobenzene (Figure 5.6) yielded a cyclic voltammogram with very

2 nA

+ 0 .8

+ 0 .6

+ 0 .4

+ 0 .2

0.0

-

0.2

-0.4

E ( V ) vs. S S C E

Figure 5.6

Cyclic voltammetry of 5 mM azobenzene in 1 M TBAFB/0.1 M
pyridine/CHjCN scanning the potential from 0.0 to +0.7 to -0.4 V vs.
SSCE at a scan rate of 0.1 V s ' .

little feature in the potential range under examination. From this data we conclude that
the preferred monomer coupling route for the two different surface-confined aniline
monolayers, even under conditions that should promote head-to-head coupling, is such
that only head-to-tail dimers are produced. This selective coupling may be caused by
steric limitations imposed on the aniline tail group as a result of its being immobilized.

5.4
IR Analysis
Oxidation

of

Aniline-Terminated

Monolayers

Upon

Non-aqueous

In order to obtain further evidence for the presence of dimers on the ox(non-aq)~
AnC 6 SH/Au

and o x (n o n -a q )-A n C lS W \u

surfaces,

spectroscopy

(RAIRS)

AnC 6 SH/Au

was

employed.

reflection-absorption
and

infrared

AnC7SH/Au

were

electrochemically oxidized in 0.1 M LiClCVCHjCN as discussed previously. After five
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potential cycles between 0.0 and +0.9 V vs. SSCE, the electrochemical potential was held
at 0.0 V vs. SSCE and the electrode was then removed, rinsed with water (to remove
excess elctrolyte from the electrode surface), dried with Nj, and a RAIR spectrum was
obtained; this is designated as the 0.0 V spectrum. After RAIRS, the electrode was then
re-immersed in the non-aqueous solution and the potential was again cycled and then
held at +0.9 V; the same sample preparation procedure described above was performed to
obtain a RAIR spectrum. This process was again repeated to obtain another spectrum at
0.0 V to insure reproducibility.

For AnC 6 SH/Au and AnC7SH/Au, scanning of the

potential from 0.0 V to +0.9 V and back to 0.0 V in non-aqueous solution did not lead to
loss of product as indicated by the RAIR spectra. This stability as also been observed for
AnC 6 SH/Au and AnC7SH/Au oxidized in aqueous acidic media.
RAIR

spectra for ox(non-a^)-AnC 6 SH/Au

(Figure

5.7) and ox(non-aq)-

AnC7SH/Au (Figure 5.8) recorded at 0.0 and +0.9 V are shown. Similar vibrations are
observed in the 0.0 and the +0.9 spectra for both the o.r(non-a^r)-AnC6 SH/Au and
0 .t(non-a*7)-AnC 7 SH/Au.

The vibration at -1600 cm ' 1 is a combination of an <5(NH) and

v(C=C) producing one large band.1 Vibrations occurring from 1600 to 1400 cm ' 1 are
attributed to several v(C=C) from the aniline ring in either the fully reduced or the fully
oxidized form . 1 The large vibration occurring at 1248 cm ' 1 is a v(CO) mode due to the
ether linkage between the aniline ring and the alkanethiol tether.
transitions occurring between

1200

and

1000

In general, the

cm ' 1 are attributable to in-plane

deformations (£0ip(C H )Ar), while those between 1000 and 500 cm ' 1 are due to out-of-plane
ring deformations (£OooP(CH)Ar)-9
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Figure 5.7

RAIR spectra of ox(non-aq)-A.nC6SH/Au held at 0.0 and +0.9 V vs.
SSCE.
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Figure 5.8

R A IR spectra of ox(non-aq)-AnC7SH/Au held a t 0.0 and +0.9 V vs.
SSCE.

For comparison, the spectra o f phenyl-capped aniline dimers and tetramers have
been consulted.4 In the fully reduced form of the phenyl-capped aniline dimer and
tetramer, transitions at 1603 and 1515 cm*1 (denoted as v(C=C)bt and v(C=C)b2) due to
ring stretching (benzoidal) are observed. In addition, vibrations at 1583 and 1483 cm*1
(denoted as v(C=C)qi and v(C=C)q2) are also observed for the fully oxidized (quinoidal)
phenyl-capped dimer.

Similar vibrations for the ox(non-aq)-AnC6SH/Au ox(non-aq)-

AnC7SH/Au RAIR spectra are observed. For both ox(non-a^-A nC 6SH /A u and ox(non-

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ag)-AnC7SH/Au, the intensity of the v(C=C)qi band is smaller and that o f the v(C=C) q2
band is larger for the +0.9 V case versus the 0.0 V case. This is in agreement with the
expected changes for a purely benzoidal system being converted to one with substantial
quinoidal character. The spectra observed for ox(non-aq)-AnC6SHJAu and ox(non-aq)AnC7SH/Au at 0.0 V closely resemble that of phenyl-capped aniline dimers and thus
provides further support for our theory concerning formation of head-to-tail aniline
dimers in both chain length monolayers. The presence of tetramers is not supported by
the voltammetry described above.

5.5

Monolayer and Non-aqueous Oxidized Monolayer Stability
The stability of the oxidized aniline monolayers in non-aqueous solution to a

competing adsorbate was also investigated. Certain alkanethiol monolayers adsorbed on
gold surfaces have been shown to be desorbed by solution phase thiols when placed in
solutions containing another thiol . 10 In this study, AnC6 SH/Au and AnC7SH/Au and
ox(non-aq)-AnC6SU/Au and ox(non-aq)-AnClSH /Au were placed in a solution of 0.2
mM 1 1-ferrocenoylundecane- 1 -thiol in ethanol for various amounts o f time.

The

modified electrodes were then removed from the ferrocene solution, rinsed with ethanol,
and dried with N 2 . The voltammetry of these electrodes in 0.1 M LiClCVCHjCN was
then inspected for the presence of ferrocene redox activity, Figure 5.9. In the case of the
untreated aniline monolayers, only the voltammetry of the oxidized monolayers was
observed with no voltammetry observed for ferrocene monolayers after an immersion
time of

8

h.

AnC 6 SH/Au and AnC7SH/Au monolayers were then immersed in the

ferrocene solution for up to 24 hours but no voltammetry indicative o f the ferrocene
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Figure 5.9

Cyclic voltammetry of (A) 11-ferrocenoylundecane-1-thiol monolayer
on gold in 0.1 M LiCKVCH3CN scanning the potential from 0.0 to
+0.9 V vs. SSCE at a scan rate of 0.1 V s . (B) AnC6SH/Au and (C)
AnC7SH/Au oxidation in 0.1 M LiClCVCHsCN after 5 h immersion
in 0.2 mM 11-ferrocenoylundecane-1-thiol solution.

redox couple was observed. The ox(non-aq)-AnC 6 SH/Au and ox(non-aq)-AnC !SW A u
samples w ere immersed in the

1 1 -ferrocenoylundecane-l-thiol

solution for various
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lengths of time, and then the voltammetry o f these samples was evaluated. After

8

h, the

voltammetry did not provide support for ferrocene thiol exchange. After 24 h exposure
to the ferrocene thiol solution, a small amount o f ferrocene redox activity was observed
for the ox(non-aq)-hnC lSW A u but no ferrocene redox activity was observed for the
eafnorc-a^-AnCbSH/Au, Figure 5.10. This data combined with reductive desorption

A

1

5 pA

B

3 pA

C

+0.9

+0.6

+0.3

0.0

E ( V ) vs. S S C E

Figure 5.10

Cyclic voltammetry of (A) 11-ferrocenoylundecane-l-thiol monolayer
on gold in 0.1 M LiCKtyCHjCN scanning the potential from 0.0 to
+0.9 V vs. SSCE at a scan rate of 0.1 V s . (B) ox(non-aq)AnC6SH/Au and (C) ox(mw-a£)-AnC7SH/Au voltammetry in 0.1 M
LiCKVCHaCN after 24 h immersion in 0.2 mM 11ferrocenoylundecane-l-thiol solution.
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data previously reported leads us to conclude that electrochemical oxidation in either
aqueous or non-aqueous electrolyte does not lead to desorption of AnC 6 SH or AnC7SH
from the gold surface.
5.6

Conclusions
Alkoxyaniline monolayers containing a hexyl and heptyl alkanethiol chain were

self-assembled on Au electrodes for analysis in non-aqueous media. Electrochemical
oxidation of both aniline monolayers in 0.1 M UCIO 4/C H 3CN was found to produce
aniline dimers and no degradation products (quinoneimine). In an attempt to produce
surface-confined azobenzene dimers, AnC 6 SH/Au and AnC 6 SH/Au were oxidized in
non-aqueous media in the presence o f pyridine. The voltammetry observed for ox(py)AnC 6 SH/Au and ox('/?y)-AnC7SH/Au was found to produce head-to-tail dimers and not
the expected head-to-head dimer (the azobenzene). This result is theorized to be due to
the steric limitations imposed on the surface-confined monolayers. RAIR spectra of the
surface-confined dimeric species in the reduced and oxidized states were found to be
similar to spectra of phenyl-capped aniline dimers. The stability of AnC 6 SH/Au and
AnC7SH/Au, and ox(non-aq)-AnC 6SW Au and o.t(non-a<7 )-AnC 6 SH/Au were evaluated
in the presence of 11-ferrocenoylundecane-l-thiol. The pristine aniline monolayers and
dimeric aniline monolayers were not found to be displaced from the Au surface in the
presence of the competing ferrocenethiol adsorbate.
5.7

References

1) Jiang, R. Z.; Dong, S. J.; Song, S. H. J. Chem. Soc., Faraday Transactions 1 1989, 85,
1575-1584.
2) Naudin, E.; Gouerec, P.; Belanger, D. J. Electroanal. Chem. 1998,4 5 9 ,1-7.

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3) Yamada, K.; Teshima, K.; Kobayashi, N.; Hirohashi, R. J. Electroanal. Chem. 1995,
394,11-79.
4) Shacklette, L. W.; Wolf, J. F.; Gould, S.; Baughman, R. H. J. Chem. Phys. 1988, 88,
3955-3961.
5) Yang, H.; Bard, A. J. J. Electroanal. Chem. 1992, 3 3 9 ,423-449.
6)

Stilwell, D. E.; Park, S. M. J. Electrochem. Soc. 1 9 8 9 ,136, 688-698.

7) Osaka, T.; Nakajima, T.; Naoi, K.; Owens, B. B. J. Electrochem. Soc. 1990,137,
2139-2142.
8 ) Sariciftci, N. S.; Kuzmany, H.; Neugebauer, H.; Neckel, A. J. Chem. Phys. 1990, 92,
4530-4539.

9) Socrates, G. Infrared Charateristic Group Frequencies; Second Edition ed.; John
Wiley & Sons, Inc.: New York, 1994.
10) Ulman, A. An Introduction to Ultrathin Organic Films From Langmuir-Blodgett to
Self-Assembly; Academic Press, Inc.: New York, 1991.

110

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

Chapter 6
Electrochemical and Microscopic Analysis of Poly(aniline) and Poly(o-phenetidine)
Formation on Aniline-Terminated Monolayers

6.1

Introduction
In this study, AnC 6 SH/Au and AnC7SH/Au are used as nucleation/adhesion

promoters in the electrochemical deposition of poly(amline) and poiy(o-phenetidine) thin
films. The electrochemical characteristics of these polymer-modified electrodes will be
inspected using cyclic voltammetry, and their morphology will be investigated using
scanning electron microscopy (SEM) and scanning tunneling microscopy (STM). The
degree of adherence to the Au substrate for poly(aniline) and poly(o-phenetidine) films
deposited on AnC 6 SH/Au and AnC7SH/Au will be evaluated with a standard tape test.
Recently, monolayers supported on electrode surfaces have been proven to act as
effective nucleation promoters and provide a means for increased adherence of polymer
thin films to the underlying substrate . 1-4 This avenue for nucleation/adhesion promotion
of polymer films has led to development of monolayers capable of nucleation/adhesion of
conducting polymer thin films on electrode surfaces.
During their electrochemical deposition, many conducting polymers tend to form
rough, loosely adherent films; these characteristics limit their use for microdevice and
sensor applications .5' 7 However, because of their conducting nature, conducting polymer
films on electrode surfaces have been examined using scanning electron microscopy and
scanning tunneling microscopy .3-8' 10 Both techniques offer the investigator the ability to
obtain images that reflect the morphological characteristics a given surface.
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These

techniques will be used in the present study to investigate the morphology of
poly(aniline) and poly(o-phenetidine) films deposited on AnC 6 SH/Au and AnC7SH/Au.
6.2

Electrochem ical Form ation of Poly(aniline) on AnC 6 SH/Au and AnC7SH/Au
The electrochemical response during the deposition of a poly(aniline) thin film on

an unmodified Au electrode was recorded for comparison to the response obtained during
electrodeposition o f poly(aniline) on AnC 6 SH/Au and AnC7SH/Au. First, UV cleaning
and electrochemical polishing of Au electrodes was performed in order to obtain a clean,
adsorbate-free surface that could be used in the deposition of poly(aniline).

Au

electrodes on glass were rinsed with ethanol and then cleaned in a UV chamber for 1 h.
After UV cleaning, the Au electrodes were electrochemically polished in a solution of I
M H 2SO 4 by cycling the electrochemical potential of the Au electrode between 0.0 and
+1.5 V vs. SSCE until a stable, reproducible voltammogram was observed. The cleaned
Au electrode was next immersed in a solution of 50 mM aniline in 1 M H2SO 4 . The
electrochemical potential was then scanned from 0.0 to +0.9 V vs. SSCE for a given
number of cycles to form the poly(aniline) film on the Au surface, Figure 6.1. The first
oxidative scan produced a large irreversible oxidation wave at +0.82 V vs. SSCE due to
formation of aniline radical cations. Further cycling of the electrode potential in the
aniline

solution

resulted

leucoemeraldine/emeraldine

in

observation

(+0.15

V)

and

of

redox

waves

indicative

emeraldine/pemigraniline

of

the

(+0.58

V)

transitions of poly(aniline); in addition, redox waves due to side products (+0.37 and
+0.43 V) were noted. Finally, during the subsequent scans it was possible to observe the
irreversible oxidation wave associated with aniline radical formation at approximately
+0.84 V. All of these redox waves were observed to increase in intensity as the number
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Figure 6.1

Electrochemical formation of a poly (aniline) film on a bare Au
electrode from a solution of 50 mM aniline/1 M H 2SO 4. The potential
of the Au electrode was scanned from 0.0 to +0.9 V vs. SSCE using a
scan rate of 0.1 V s’1.

of voltammetric cycles increased due to accumulation o f the conducting polymer film on
the Au surface. The voltammetry observed here agrees with that in literature reports for
poiy(aniline) films electrochemically deposited on Au electrodes . 1113 Poly(aniline) films
formed as a result of three, five, and eight potential cycles between 0.0 and +0.9 V vs.
SSCE were used in adhesion tests.
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The “tape test” (adhesion test) is a crude, yet effective method for determining the
adhesive properties of thin films on a given surface. In this test, Scotch tape is applied to
a film-coated surface, then removed by pulling the tape at a 90° angle with the surface at
a relatively slow velocity. This process may be repeated several times to evaluate the
maximum robustness of the film. If the thin film does not adhere to the surface, it will be
present on the Scotch tape and not the original surface. Alternatively, strong adhesion of
the film to the underlying surface produces a clear, colorless piece of tape when the tape
is removed. Upon application and removal of Scotch tape from poly(aniline)-modified
Au electrodes, a green hue was observed on the tape for each o f the three depositions (3,
5, and

8

potential cycles between 0.0 and +0.9 V vs. SSCE). Complete removal of the

poly(aniline) film from the Au electrode was observed upon repeated administration of
the tape test. This result was to be expected due to the lack of a template or adlayer to aid
in bonding of the poly(aniline) film to the electrode surface.

When aniline is

electrochemically polymerized in solution, the formed polymer eventually becomes
insoluble, and nucleates and grows on the surface of the electrode.

Further potential

cycling of the electrode leads to production of increasingly thicker polymer deposits on
the electrode surface.
To test the electrochemical and adhesive properties of poty(aniline) thin films on
AnC 6 SH/Au and AnC7SH/Au, poly(aniline) was electrochemically deposited on these
monolayer-modified electrodes as described above for bare Au.

In this study,

AnC 6 SH/Au and AnC7SH/Au were used as the working electrode during the
electrochemical deposition of poly(aniline).

First, the monolayer-modified electrodes

were rinsed with ethanol, dried with Ni, and immersed in a solution of 50 mM aniline in
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1 M H 2SO 4 ; then, the electrochemical potential of the modified electrodes was cycled
from 0.0 to +0.9 V vs. SSCE for a given number of cycles.

Similar voltammetric

responses were observed for the polymerization of aniline on AnC 6 SH/Au and
AnC7SH/Au electrodes.
A representative voltammogram for AnC7SH/Au is shown in Figure 6.2. The

30 pA

1st scan

+0.9

+ 0 .6

+0.3

0.0

£ ( V ) vs. S S C E

Figure 6.2

Electrochemical polymerization of aniline on AnC7SH/Au. Cyclic
voltammetry was performed in a solution of 50 mM aniline/1 M
H2SO4 scanning the electrochemical potential from 0.0 to +0.9 V vs.
SSCE at a scan rate of 0.1 V s'1.

first voltammetric scan for both AnC 6 SH/Au and AnC7SH/Au electrodes in the aniline
solution produced voltammetry indicative o f surface-confined alkoxyaniline and bulk
aniline oxidation. A large, irreversible oxidation wave is noted for both AnC 6 SH/Au and
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AnC7SH/Au at +0.61 V (surface-confined alkoxyaniline units), as well as another
irreversible oxidation wave at +0.84 V vs. SSCE (solution-phase aniline). The oxidation
wave for AnC 6 SH/Au and AnC7SH/Au in this solution is shifted slightly more negative
than previously reported for AnC 6 SH/Au and AnC7SH/Au oxidation in 1 M H 2SO 4.
This shift in oxidation potential could be a result o f greater flexibility among the
monolayer chains due to the change in solution polarity caused by the large concentration
of aniline in the solution. Further potential cycling o f the aniline solution in this potential
range (after the first scan) resulted in observation of a large irreversible oxidation wave at
+0.84 V (solution-phase aniline) and four redox waves centered at +0.15 (LE/EM), +0.30
(hydroquinone), +0.43 (aminophenol), and +0.58 V (PN/EM) vs. SSCE. The magnitude
of each of these redox waves was observed to increase upon further potential cycling
indicating growth of poly(aniline) film on the modified surface. However, it was noted
that film formation was slower than for bare Au (compare Figure 6 .1 to 6.2), possibly due
to the mass transport limitation arising from the monolayers. Polymer growth resulting
from three and eight potential cycles in the monomer solution was observable by eye, as
noted by the presence of a green film on the electrode surface. Only these film-coated
electrodes were used for adhesion testing.
Originally, we speculated that “co-polymerization” of solution-phase aniline and
surface-confined AnC 6 SH or AnC7SH would produce a poly(aniline) film that was
interdigitated among the surface-confined polymer monolayer or a poly(aniline) film that
was covalently linked to the surface aniline units. From the electrochemical data it is
observed that in the first oxidative scan, separate surface and solution monomer oxidation
waves are produced; AnC 6 SH/Au and AnC7SH/Au are oxidized at +0.61 V, and aniline
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is oxidized at +0.84 V. Thus, it seems that only moderate amounts o f covalent linking
between the poly(aniline) film and the surface-confined polymer monolayer have
occurred. This conclusion is supported by adhesion tests. Removal of the tape from
poIy(aniline)-coated AnC 6 SH/Au and AnC7SH/Au made by three electrochemical scans
produced no observable green hue on the tape. However, application/removal of the tape
on poly(aniline)-coated AnC 6 SH/Au and AnC7SH/Au made by scanning the potential
eight times produced a light green hue to the tape, but a noticeable green film was still
noted on the electrode surface.

This result indicates that a larger amount of the

poly(aniline) film is in some manner strongly bound to the underlying oxidized
monolayer, but some portion o f the film adheres loosely to AnC 6 SH/Au and
AnC7SH/Au.

The observation of poly(aniline) adherence to the AnC 6 SH/Au and

AnC7SH/Au surface supports the hypothesis of covalent linkage or meshing of the
polymer with the aniline-terminated monolayer.

6.3
Electrochemical Polymerization of Poly(o-phenetidine) on AnC6 SH/Au and
AnC7SH/Au
Poly(o-phenetidine) has been used in previous studies (Chapter 4) to provide
information for the characterization o f o.t-AnC 6 SH/Au and o.t-AnC7SH/Au. The poly(ophenetidine) films on bare Au electrodes were produced in a similar fashion to that used
to make poly(aniline) thin films. Freshly cleaned Au electrodes on glass were immersed
in a 50 mM o-phenetidine/1 M H2SO 4 solution, and then the electrochemical potential
was cycled from 0.0 to +0.9 V vs. SSCE, Figure 6.3.

It is observed from the first

potential cycle that radical cation formation o f solution-phase o-phenetidine begins at
+0.55 V and continues to +0.9 V vs. SSCE. Further cycling (subsequent scans) of the
electrochemical potential produces redox waves indicative o f the
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Figure 6.3

+0.6
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E ( V ) vs. S S C E

0.0

Electrochemical formation of a poly(o-phenetidine) film on a bare Au
surface from a solution of 50 mM o-phenetidine/1 M H 2SO 4. The
electrochemical potential was scanned form 0.0 to +0.9 V vs. SSCE at
a scan rate of 0.1 V s'1.

leucoemeraldine/emeraldine transition for poly(o-phenetidine) (+0.15 V), a redox wave
due to degradation products (+0.27 V), and an irreversible oxidation wave due to
additional monomer oxidation beginning at +0.57 and extending to +0.9 V vs. SSCE. It
is difficult to ascertain whether or not the polymer formed is very long, for the
emeraldine/pemigraniline wave is not readily visible possibly as a result of its close
proximity to the oxidation wave of o-phenetidine.
Electrochemical polymerization of o-phenetidine was next performed on
AnC 6 SH/Au and AnC7SH/Au electrodes.

AnC 6 SH/Au and AnC7SH/Au electrodes

were immersed in a 50 mM solution of o-phenetidine and the electrochemical potential
was scanned from 0.0 to +0.9 V vs. SSCE. Similar voltammetry is observed for the

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

polymerization of o-phenetidine on AnC 6 SH/Au and AnC7SH/Au electrodes due to the
large amount of o-phenetidine monomer oxidation. A representative voltammogram for
AnC7SH/Au is shown in Figure 6.4. The initial oxidative scan produced an irreversible

100 pA

1st s c a n

+0.9

+0.6

+ 0.3

0.0

£ ( V ) vs. S S C E

Figure 6.4

Electrochemical polymerization of o-phenetidine on AnC7SH/Au.
Cyclic voltammetry was performed in a solution of 50 mM ophenetidine/1 M H 2SO 4 scanning the electrochemical potential from
0.0 to +0.9 V vs. SSCE at a scan rate of 0.1 V s'1.

oxidation wave at +0.6 V for the monolayer and an oxidation wave for o-phenetidine
beginning at +0.65 V and extending to +0.9 V vs. SSCE. Further potential scanning then
produced redox features indicative of poly(o-phenetidine) transformations, the expected
quinonimine side product, and additional monomer oxidation. Continued scanning of the
electrochemical potential produced poly(o-phenetidine) films green in color which grew
darker as the number of depositions increased.
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A very small potential difference is seen for the oxidation potential of
AnC 6 SH/Au and AnC7SH/Au versus the solution-phase o-phenetidine (A£ -0.05 V),
unlike the difference observed in the formation of poly(aniline) on the modified
electrodes (AE -0.25 V). Also, small differences are noted in the growth of the oxidation
current for o-phenetidine at a bare Au surface versus at AnC 6 SH/Au and AnC7SH/Au.
A non-linear increase in the oxidation current is observed for poly(o-phenetidine) on bare
Au with increasing numbers of scans (see Figures 6.3 and 6.4) opposed to a relatively
linear oxidation

current

increase

for poly(o-phenetidine)

on

AnC 6 SH/Au

and

AnC7SH/Au with increasing scan number. The linear increase in the oxidation current as
a function of scan number for poly(o-phenetidine) on AnC 6 SH/Au and AnC7SH/Au
suggests uniform polymer growth is occurring (possibly layer-by-layer). Such a small
difference in monomer oxidation potentials (surface-confined vs. solution) and uniform
polymer growth indicate that covalent linkage o f the o-phenetidine to the AnC 6 SH/Au
and AnC7SH/Au surface is highly likely.
Poly(o-phenetidine) films resulting from three and eight electrochemical cycles
between 0.0 and +0.9 V vs. SSCE on AnC 6 SH/Au and AnC7SH/Au were investigated
for their adherence to the electrode.

Removal of the tape from poly(o-phenetidine)

coated Au electrode surfaces modified with AnC 6 SH and AnC7SH produced no
noticeable color on the tape for poly(o-phenetidine) films formed by either three or eight
potential excursions.

From the results of this test and the previously discussed

voltammetric data it is believed that the polymerization of o-phenetidine on AnC 6 SH/Au
and AnC7SH/Au produces a polymer film that is covalently linked to the underlying
modified electrode surface to a great extent.
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6.4

SEM Analysis of Poiy(aniline) on Au and AnC7SH/Au
From the electrochemical data and the adhesion test of the poly(aniline) films on

the aniline-terminated monolayers, it was believed that the polymerization of aniline
would produce a rough surface due to the difference observed in the oxidation potential
between the solution-phase aniline monomer and the surface-confined aniline monolayer
(possible non-covalent interaction of poly(aniline) with oxidized AnC 6 SH/Au and
AnC7SH/Au). The surface morphology of poly(aniline) on bare Au electrodes has been
reported employing the use of SEM for analysis. Thick poly(aniline) films (up to 50 or
more potential oxidation cycles) on Au electrodes have been reported to exhibit granular
poly(aniline) features when the poly(aniline) is in the undoped form and fibrillar deposits
when the poly(aniline) is in the doped polymer form .9 For this reason, SEM images of
poly(aniline) films (eight cyclic voltammetry scans) on bare Au and AnC7SH/Au were
recorded. SEM images were obtained using a 5 kV accelerating voltage for the electron
beam and a 10,000x magnification for poly(aniline) on Au (Figure 6.5) and poly(aniline)
on AnC7SH/Au (Figure

6 .6 ),

both resulting from eight potential cycles. It is evident

from the SEM images that poly(aniline) films on both bare Au and AnC7SH/Au are
almost featureless due to the lack of resolution provided by the SEM.
To further study the polymer morphology of the ultra-thin poly(aniline) and
poly(o-phenetidine) films on Au, AnC 6 SH/Au, and AnC7SH/Au, STM analyses were
performed.

6.5

STM Analysis of Pristine A u (ll 1)
Pristine samples o f A u ( lll) on mica were analyzed using scanning tunneling

microscopy (STM) before monolayer adsorption and polymer modification was
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3 pm

Figure 6.5

SEM image of poly(aniline) electrochemically deposited on a bare Au
electrode using eight potential cycles. The SEM image was obtained
using an electron beam energy of 5 kV and a magnification of lOOOOx.

Figure 6 .6

SEM image of poly(aniline) electrochemically deposited on
AnC7SH/Au using eight potential cycles. The SEM image was
obtained using an electron beam energy of 5 kV and a magnification
of lOOOOx.

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

performed. AH STM images were recorded in air under normal laboratory conditions
(ambient temperature and pressure).

In addition, all STM images were obtained

employing a large tip-to-surface separation (high bias potential-low tunneling current) in
order to prevent damage to the polymer film by the STM tip. Constant-current images of
A u ( l l i ) surfaces (various scan sizes) and the corresponding cross-sectional profile of
each are provided in Figures 6.7 and

6 .8 .

The A u ( l l l ) surface in the STM images is

observed to contain crystallites with terraces (single-atom steps, -0.25 nm) across the
surface. Grain boundaries are also encountered that represent positions on the A u ( l l l )
surface at which two crystallites meet. The images observed for the Au( 111) surfaces are
similar to those reported in the literature.

STM Analysis of Poly(aniline) and Poly(o-phenetidine) Films on Bare
A u (lll) Surfaces

6 .6

STM images of poly(aniline) and poly(o-phenetidine) were collected on bare
A u ( l l l ) surfaces in order to note differences in polymer morphology for poly(aniline)
and

poly(o-phenetidine)

films

electrochemically

deposited on

bare

Au

versus

AnC 6 SH/Au and AnC7SH/Au. Solutions o f 50 mM aniline or o-phenetidine in 1 M
H 2SO 4 were used for electrochemical deposition of poly(aniline) and poly(o-phenetidine)
on A u ( l l l ) electrodes. Five electrochemical cycles between 0.0 and +0.9 V vs. SSCE
were performed in each solution producing A u ( I l l )

electrodes coated with a

poly(aniline) or poly(o-phenetidine) film. Each polymer-coated electrode was removed
from solution at 0.0 V vs. SSCE, rinsed with water, and dried with N2 before STM
analysis was performed.
The STM images of poly(aniline) on a bare A u ( i l l ) electrode are presented in
Figures 6.9 and 6.10. Polymerization o f poly(aniline) on a bare Au(l 11) surface is seen
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Figure 6.7

Constant-current STM image and cross-sectional analysis of pristine
A u (lll) surface obtained in air. The scan size is 500 x 500 nm with a
Z-range of 10 nm and a scan rate of 5.08 Hz. /tunneling = 703 pA and
f^bias = 0.88 V.
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0.0

•10 nm
250

Figure 6 .8

Constant-current STM image and cross-sectional analysis of pristine
A u (lll) surface obtained in air. The scan size is 250 x 250 nm with a
Z-range of 10 nm and a scan rate of 5.08 Hz. /tunneling - 520 pA and
Ebbs = 0.94 V.
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0.0
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Figure 6.9

Constant-current STM image and cross-sectional analysis of
poly(aniline) on an A u ( lll) surface. The scan size is 500 x 500 nm
with a Z-range of 50 nm and a scan rate of 4.69 Hz. i tunneling = 409 pA
and Ebias = 1-00 V.
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Figure 6.10

Constant-current STM image and cross-sectional analysis of
poly(aniline) on an A u (lll) surface. The scan size is 250 x 250 nm
with a Z-range of 75 nm and a scan rate of 4.69 Hz. /tunneling = 409 pA
and Ebias = 1*00 V.
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to yield polymers that contain large rounded features. These rounded features (nodules)
appear to extend away from the Au surface as indicated by the large height scale that was
needed for recording the images. An average width of 126 ± 24 nm (5 nodules) was
calculated for these poly(aniline) nodules.
Electrochemical polymerization of o-phenetidine onto pristine A u ( l l l ) was
performed under identical conditions as in the polymerization of poly(aniline) on pristine
Au electrodes. STM images equivalent in size to those collected for poly(aniline) were
obtained for the poly(o-phenetidine)-coated electrodes for comparison. Figure

6 .1 1

and

6.12. The poly(o-phenetidine) film on Au appears to contain large polymer nodules on
the Au surface as in the case of the poly(aniline) film on Au. A lower height scale was
able to be used for the poly(o-phenetidine) film, indicating a flatter surface than that
recorded for the poly(aniline) film on Au.

An average width of 112 ± 25 nm was

calculated for the poly(o-phenetidine) nodules on the Au surface. The width of these
nodules are within the standard deviation of the width calculated for poly(aniline)
nodules indicating similar nucleation/growth occurs for both poly(aniline) and poly(ophenetidine) on a bare Au surface.

6.7

STM Analysis of AnC 6 SH/Au and AnC7SH/Au
Au(l 11) electrodes were immersed in AnC 6 SH/Au or AnC7SH/Au solutions for

at least

8

h before STM analysis was performed. Each sample was removed from the

deposition solution, rinsed with ethanol, and dried with N 2 before STM analysis.
Constant-current STM images of various scan sizes with their respective cross-sectional
profiles were recorded for AnC 6 SH/Au (Figures 6.13 and 6.14) and AnC7SH/Au
(Figures 6.15 and 6.16). AnC 6 SH/Au and AnC7SH/Au are found to produce smooth
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Figure 6.11

Constant-current STM image and cross-sectional analysis of poly(ophenetidine) on an A u (lll) surface. The scan size is 500 x 500 nm
with a Z-range of 10 nm and a scan rate of 4.69 Hz. /tunneling = 434 pA
and is bias = 0.96 V.
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Figure 6.12

Constant-current STM image and cross-sectional analysis of poly(ophenetidine) on an A u (lll) surface. The scan size is 250 x 250 nm
with a Z-range of 10 nm and a scan rate of 4.69 Hz. itunneling = 434 pA
and is bias = 0.96 V.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7.5 nm

A a -

,

A

a

a

0

Figure 6.13

a

/\

*/A ..n

500

Constant-current STM image and cross-sectional analysis of
AnC6 SH/Au. The scan size is 500 x 500 nm with a Z-range of 7.5 nm
and a scan rate of 4.69 Hz. /tunneling = 441 pA and Ebias = 0.84 V.
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Figure 6.14

Constant-current STM image and cross-sectionai analysis of
AnC6 SH/Au. The scan size is 250 x 250 nm with a Z-range of 10 nm
and a scan rate of 5.08 Hz. /‘tunneling = 528 pA and £ bias = 0.75 V.
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0

Figure 6.15

500

Constant-current STM image and cross-sectional analysis of
AnC7SH/Au. The scan size is 500 x 500 nm with a Z-range of 5 nm
and a scan rate of 5.08 Hz. /'tunneling - 528 pA and £bias = 0.73 V.
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Figure 6.16

Constant-current STM image and cross-sectional analysis of
AnC7SH/Au. The scan size is 250 x 250 nm with a Z-range of 5 nm
and a scan rate of 5.08 Hz. itunneling = 419 pA and Ebias - 0.73 V.
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surface images with features related to step-edges and grain boundaries resulting from the
underlying Au(111) substrate.
Alkanethiol monolayers on A u ( l l l ) have been found to exhibit defects (“pits”) in
the Au surface due to reorganization of the Au atoms on the surface while adsorption and
packing of the monolayer occurs onto the Au surface. It is found that these defects in the
Au may be imaged using a small tip-surface separation distance (low bias potential-high
tunneling current) in order to bring the tip within close proximity o f the Au surface. This
procedure was performed on the AnC7SH/Au sample to insure the presence of the
monolayer on the electrode surface. Figure 6.17 clearly shows the presence of defects in
AnC7SH/Au and confirms the presence of the monolayer on the Au(l 11) surface which
is consistent with the IR data reported in Chapter 4.
M icroscopic A nalysis of Poly(aniline) Deposited on
AnC7SH /A u
6 .8

A nC 6 SH /A u and

Pristine AnC 6 SH/Au and AnC7SH/Au electrodes were removed from the
monolayer solution and rinsed/dried as discussed previously in section 6.7.
monolayers were used in the electrochemical deposition of poly(aniline) Films.

Both
The

AnC 6 SH/Au and AnC7SH/Au electrodes were immersed in a 50 mM solution of
aniline/1 M H 2SO 4 and the electrochemical potential was cycled between 0.0 and 40.9 V
vs. SSCE five times.

After electrochemical deposition of poly(aniline) onto the

monolayer modified electrode, the electrodes were removed from solution at 0.0 V vs.
SSCE, rinsed with water, and dried with N 2 so that STM analysis could be performed.
STM images point to a very rough surface, with the presence o f 16 ± 2 nm diameter
poly(aniline) nodules on AnC 6 SH/Au (Figure 6.18 and 6.19) and 23 ± 13 nm diameter
nodules on AnC7SH/Au (Figure 6.20 and 6.21). These topographical images are much
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0
Figure 6.17

167
Constant-current STM image and cross-sectional analysis showing
pitting in AnC7SH/Au. The scan size is 167 x 167 nm with a Z-range
of 2.5 nm and a scan rate of 5.08 Hz. itunneling = 3 nA and E^as = 0.05
V.
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Figure 6.18

Constant-current STM image and cross-sectional analysis of
poly(aniline) on AnC 6 SH/Au. The scan size is 500 x 500 nm with a Zrange of 20 nm and a scan rate of 5.08 Hz. itunneiing = 424 pA and Ebias
= 0.71 V.
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Figure 6.19

Constant-current STM image and cross-sectional analysis of
poly(aniline) on AnC6SH/Au. The scan size is 250 x 250 nm with a Zrange of 10 nm and a scan rate of 5.08 Hz. /tunneling = 416 pA and Ebias
- 1.02 V.
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Figure 6.20

Constant-current STM image and cross-sectional analysis of
poly(aniline) on AnC7SH/Au. The scan size is 500 x 500 nm with a Zrange of 20 nm and a scan rate of 4.69 Hz. itunneling = 366 pA and Ebias
= 0.83 V.
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Figure 6.21

Constant-current STM image and cross-sectional analysis of
poly(aniline) on AnC7SH/Au. The scan size is 250 x 250 nm with a Zrange of 15 nm and a scan rate of 4.69 Hz. itunneiing = 366 pA and £was
= 0.83 V.
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different from those recorded and discussed earlier for poly(aniline) on pristine A u ( lll)
electrodes.

The poly(aniline) nodules formed on AnC 6 SH/Au and AnC7SH/Au are

observed to be significantly smaller and more uniform in size on the modified surface
than those formed on bare A u(l 11) (126 ± 24 nm).
The presence of smaller, more uniform poly(aniline) nodules on the AnC 6 SH/Au
and AnC7SH/Au versus the bare Au surface supports our theory of covalent linkage or
meshing of poly(aniline) with the monolayer surface. The AnC 6 SH/Au and AnC7SH/Au
surfaces provide a medium for both attachment and nucleation/growth of poly(aniline)
films despite a difference in oxidation potential between the solution-phase monomer and
the surface-confined monolayer.

This medium of attachment leads to layers of

poiy(aniline) film which are loosely attached to the surface, as indicated by the
previously discussed tape test.

From this data, it is predicted that electrochemical

oxidation of (o-phenetidine) in the presence of AnC 6 AH/Au and AnC7SH/Au should
provide a smoother polymer surface which is covalently linked to the underlying
monolayer.

6.9
Microscopic Analysis of Poly(o-phenetidine) Deposited on AnC6SH/Au and
AnC7SH/Au
Films of poly(o-phenetidine) on AnC 6 SH/Au and AnC7SH/Au were analyzed by
STM and the resulting topographical images are compared to images obtained for
poly(aniline) on AnC 6 SH/Au and AnC7SH/Au. Pristine AnC 6 SH/Au and AnC7SH/Au
electrodes were rinsed/dried as discussed previously and then immersed in a solution of
50 mM o-phenetidine/1 M H 2SO 4 .

The electrochemical potential of the aniline-

terminated electrode was cycled in the o-phenetidine solution between 0.0 and +0.9 V vs.
SSCE five times.

The poly(o-phenetidine)-modified AnC 6 SH/Au and AnC7SH/Au
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electrodes were removed from the o-phenetidine solution at 0.0 V vs. SSCE, rinsed with
water, and dried with Ni. The topographical images obtained for poly(o-phenetidine) on
AnC6SH/Au (Figures 6.22 and 6.23) and AnC7SH/Au (Figures 6.24 and 6.25) were
observed to be very smooth, lacking the features displayed earlier by the poly(ophenetidine) films on bare A u ( lll) electrodes. Furthermore, the topographical images
for poly(o-phenetidine) on AnC6SH/Au and AnC7SH/Au did not show step-edges, grain
boundary features, or Au pits that would be present if the tip were imaging the Au surface
instead of the polymer surface.

Thus, the smoothness of the polymer film on

AnC6SH/Au and AnC7SH/Au is quite remarkable.
The STM images observed here, in combination with the previously discussed
electrochemical data, suggest that the polymerization of o-phenetidine covalently links
with AnC6SH/Au and AnC7SH/Au. Electrochemical oxidation of the solution-phase
monomer and the surface-confined monolayer occurs at approximately the same
oxidation potential. This similarity in oxidation potential promotes covalent linkage of
the o-phenetidine monomer to the aniline-terminated monolayer. The resulting polymer
film is observed to be smooth and evenly formed on the monolayer terminated surface as
indicated by the STM images and the linear increase in the oxidation potential from the
electrochemical data.

6.10 Morphological Differences Between Poly(aniline) and Poly(o-phenetidine)
Films on AnC6SH/Au and AnC7SH/Au
STM images of poly(aniline) and poly(o-phenetidine) on AnC6SH/Au and
AnC7SH/Au show great differences in morphology when electrochemically formed on
AnC6SH/Au and AnC7SH/Au. These differences can best be explained by considering
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0

Figure 6.22

500

Constant-current STM image and cross-sectional analysis of poly(ophenetidine) on AnC6SH/Au. The scan size is 500 x 500 nm with a Zrange of 5 nm and a scan rate of 5.08 Hz. /tunneling = 322 pA and Etua =
0.72 V.
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Figure 6.23

Constant-current STM image and cross-sectional analysis of poIy(ophenetidine) on AnC6SH/Au. The scan size is 250 x 250 nm with a Z
range of 5 nm and a scan rate of 5.08 Hz. jtunneling = 322 pA and £ bias
0.72 V.
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Figure 6.24

Constant-current STM image and cross-sectional analysis of poly(ophenetidine) on AnC7SH/Au. The scan size is 500 x 500 nm with a Zrange of 20 nm and a scan rate of 5.08 Hz. itunneling = 412 pA and Eyas
= 0.81 V.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10 nm —
0.0

u

y 1

v ,

.*S'

-10 nm —
250

Figure 6.25

Constant-current STM image and cross-sectional analysis of poIy(ophenetidine) on AnC7SH/Au. The scan size is 250 x 250 nm with a Zrange of 15 nm and a scan rate of 5.08 Hz. /tunneling = 412 pA and Etnas
= 0.81 V.
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the electrochemical oxidation event for aniline and o-phenetidine monomers in the
presence of AnC6SH/Au and AnC7SH/Au.
In the case of poly(aniline), two possible events could occur to explain the
morphological differences between poly(aniline) and poly(o-phenetidine) films formed
on AnC6SH/Au and AnC7SH/Au.

It is hypothesized that covalent linkage of the

poly(aniline) film could occur, or that the formed poly(amiine) couid mesh with the
underlying monolayer. It is observed that a large oxidation potential difference of 0.25 V
exists between the aniline monomer and AnC6SH/Au and AnC7SH/Au.

It is also

observed that application of the tape test to poly(aniline) on AnC6SH/Au and
AnC7SH/Au revealed that some polymer could be removed, but a good bit was left intact
on the modified Au surface.

Formation o f these poly(aniline) films in the presence

AnC6SH/Au and AnC7SH/Au produced a surface morphology consisting of nodules
much smaller in size than those observed for poly(aniline) on bare Au electrodes. From
this data it is hypothesized that poly(aniline) formation on AnC6SH/Au and AnC7SH/Au
results in a polymer that meshes with the underlying monolayer surface; however, a small
amount of covalent linkage probably occurs.
In contrast to poly(aniline), the difference in the observed oxidation potential
between o-phenetidine and AnC6SH/Au and AnC7SH/Au is very small (0.05 V). This
similarity in oxidation potential leads to covalently linked polymer to the underlying
monolayer surface that is evenly formed as indicated by the linearity in the oxidation
current with scan number.

Application o f the tape test to poly(o-phenetidine) films

electrochemically formed on AnC6SH/Au and AnC7SH/Au yielded clear, colorless tape
indicating an extremely adherent polymer film is formed.

STM images recorded for
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poly(o-phenetidine) on AnC 6 SH/Au and AnC7SH/Au are thus very smooth. All of this
data points to covalent linkage of the poly(o-phenetidine) film to the underlying
monolayer surface.

6.11

Conclusions
Electrochemical and microscopic analyses were performed on AnC 6 SH/Au and

AnC7SH/Au electrodes modified with deposits o f poly(aniline) and poiy(o-phenetidine)
films. The electrochemical polymerization of aniline and o-phenetidine on AnC 6 SH/Au
and AnC7SH/Au was first investigated.

The first electrochemical potential scan of

AnC6 SH/Au and AnC7SH/Au in a 50 mM aniline/1 M H 2SO 4 monomer solution
produced separate oxidation waves for the monolayer and the solution-phase monomer.
Upon repeated potential scanning of the electrode, growth of the poly(aniline) film was
indicated by the increased current for the redox waves in the voltammogram.

A

difference of approximately 0.25 V was found to exist between oxidation of AnC 6 SH/Au
or AnC7SH/Au and the oxidation of the solution-phase aniline monomer. Voltammetry
for the polymerization of o-phenetidine on AnC 6 SH/Au and AnC7SH/Au was found to
be slightly different than that for poly(aniline) films deposited on AnC 6 SH/Au and
AnC7SH/Au.

Oxidation o f the o-phenetidine monomer was found to occur at

approximately the same potential as that for the aniline-terminated monolayers (AE =
0.05 V). Further potential scanning in this solution produced increased polymer growth
as noted by the increase in the peak current for the redox waves in the voltammetry.
STM analysis was performed on poly(aniline)- and poly(o-phenetidine)-modified
AnC6 SH/Au and AnC7SH/Au.

Poly(aniline) surface images were found to be rough

with large polymer nodules on both AnC 6 SH/Au and AnC7SH/Au. Images observed for
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poly(o-phenetidine) on AnC6SH/Au and AnC7SH/Au were extremely smooth.

It is

hypothesized that poly(aniline) films form some covalent linkage and/or meshing with
the AnC6SH/Au and AnC7SH/Au. This mode of poly(aniline) deposition is due to a
difference in the electrochemical oxidation potential between the surface-confined
monolayers and the aniline monomer. Alternatively, the similarity in oxidation potential
of o-phenetidine and the surface-confined monolayers suggests that poly(o-phenetidine)
films are covalently linked with AnC6SH/Au and AnC7SH/Au creating a smooth,
strongly adherent polymer.

6.12
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Chapter 7
Conclusions and Future Directions

7.1

Summary of Conclusions
Studies have been conducted on the synthesis and characterization of an aniline-

terminated alkanethiol monolayer on Au. The pristine aniline-terminated monolayers are
stable in air for 36 h.

In addition, the electrochemical polymerization of the surface-

confined aniline units in the monolayer is demonstrated.

Although some hydrolyzed

aniline dimer forms upon polymerization o f the aniline monolayers, the amount of
hydrolyzed dimer can be controlled by choice of the initial structure of the monolayer and
the electrolyte. Thus, these aniline-terminated alkanethiol monolayers on Au bode well
for future work concerning nanometer-scale polymerization using the scanning tunneling
microscope.

7.2

Summary of Observations Supporting Conclusions
Self-assembled alkanethiol monolayers containing an alkoxyaniline tail group

were synthesized in a two-step procedure. A Williamson ether synthesis was performed
using o-aminophenoxide and 1,6-dibromohexane or 1,7-dibromoheptane to first create
the 2-(eo-bromoalkane-l-oxy)aniline.

After purification, the 2-(a>-bromoalkane-l-

oxy)aniline was converted to the thiol according to a previously reported synthesis
utilizing

thiourea

to

form

the final

products,

2-(6-mercaptohexan-l-oxy)aniline

(AnC6SH) and 2-(7-mercaptoheptan-l-oxy)aniline (AnC7SH). Chain spacer lengths of
six and seven methylene units between the aniline ring and the thiol were chosen so as to
probe the effect of even and odd alkane chain on the orientation of the aniline group and
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the packing density of the aniline adsorbate, as well as the electrochemistry o f the
adlayers on Au.
The monomer adsorbates were allowed to self-assemble on Au surfaces for
reflection-absorption infrared spectroscopic characterization and stability studies.
RAIRS analysis was performed on AnC6SH and AnC7SH monolayers on Au
(AnC6SH/Au and AnC7SH/Au) and compared to transmission infrared spectra recorded
for the bulk molecules. AnC6SH/Au and AnC7SH/Au were found to produce nearly
identical RAIR spectra even though there is a difference in alkanechain length.

Both

monolayer assemblies on Au displayed RAIR spectra that were also observed to be
nearly identical to their respective isotropic spectra. Ratios of the band intensities for
vibrations observed in the isotropic spectra and the corresponding RAIR spectra o f each
respective monolayer were analyzed and found to be different from unity. Thus, from the
isotropic and the RAIR data, it can be concluded that the surface orientation of both
AnC6SH/Au and AnC7SH/Au is determined by the characteristics of the aniline tail
group and not the alkane chain tether. Also it can be concluded from the data that the
alkane chains in both systems are in a slightly disordered environment, while the aniline
groups appear to adopt a somewhat ordered structure (preferred orientation).
To gain a better understanding of the surface concentration and the order of the
monolayers on the Au surface, electrochemical reductive desorption experiments were
performed. In this experiment, AnC6SH, AnC7SH, and n-octadecane-1-thiol monolayers
on A u ( lll) were removed by applying a potential sufficiently negative so as to cause
electrochemical desorption of the adsorbate to yield bare Au and thiolate in solution. The
reduction current for this process is related to the amount o f material on the electrode
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surface. Integration of this current produced surface coverage values for AnC6 SH and
AnC7SH that were statistically equivalent to that of n-octadecane-1-thiol on A u ( lll) .
Examination of the reduction peak potential also provides information regarding the
order of the monolayer system on the electrode surface. AnC 6 SH/Au and AnC7SH/Au
were found to have reduction potentials slightly lower than that of n-octadecane-1 thiol/Au, indicating a slightly disordered aniline monolayer system is present on the Au
surface.

In addition, from these measurements it is concluded that the AnC 6 SH/Au

system is more ordered than the AnC7SH/Au system in solution .
The electron transfer blocking ability of the aniline-terminated monolayers was
tested with a solution-phase redox probe, dimethylaminomethylferrocene.

This

experiment was used to qualitatively assess the structure integrity of the self-assembled
aniline monolayers. AnC 6 SH/Au exhibited voltammetry indicative of no redox activity
for dimethylaminomethylferrocene in I M H 2SO 4 electrolyte.

In this same solution,

AnC7SH/Au was found to yield some redox activity for the ferrocene. From this data,
AnC 6 SH/Au is shown to form an excellent barrier to electron transfer of solution-phase
redox species, while AnC7SH/Au provides only a partial barrier. This data agrees well
with the previous desorption potentials.
After

examination

of

the

AnC 6 SH/Au

and

AnC7SH/Au

properties,

electrochemical oxidation of the monolayers was attempted so as to form surfaceconfined poly(alkoxyaniline). Cyclic voltammetry was used to electrochemically oxidize
AnC 6 SH/Au and AnC7SH/Au in 1 M H 2SO 4 to produce oxidized AnC6 SH/Au (oxAnC 6 SH/Au) and oxidized AnC7SH/Au (ox-AnC7SH/Au). Both oxidized monolayers
displayed four redox waves in their cyclic voltammograms that are surface-confined in
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nature.

This voltammetry was compared to that obtained in voltammetric studies

performed on bulk electro-deposited poly(o-phenetidine) films on Au and solutions of
two dimeric model compounds, 3,3'-dimethoxybenzidine and 2-methoxy-A/4-phenyl-l,4phenylenediamine.

The ox-AnC6SH/Au and ax-AnC7AH/Au systems were found to

exhibit voltammograms that contain redox waves indicative of polymer transformations
found for bulk poly(aniline) and poly(aniline) derivatives. Redox waves associated with
the leucoemeraldine/emeraldine and emeraldine/pemigraniline transitions were observed.
In addition, redox activity for dimeric aniline species and quinoneimine degradation
products (hydrolyzed dimers) were noted.

The voltammetric characteristics of ox-

AnC6SH/Au and o.r-AnC7SH/Au were dramatically different even though RAIR spectra
for the pristine monolayers indicated a similar surface orientation.

Voltammetry

displayed by o.v-AnC6SH/Au indicated that upon the initial electrochemical oxidation,
dimeric aniline and poly(aniline) were the primary products. After continued potential
scanning, an additional amount of hydrolyzed dimer was found to be produced, as well as
surface-confined poly(aniline). On the other hand, o;t-AnC7SH/Au is observed to give
rise to a small redox wave due to dimeric aniline products but a large redox wave due to
hydrolyzed dimer.

Successive voltammetric scanning of the potential for ox-

AnC7SH/Au was found to result in a small amount o f polymer and a significant quantity
of hydrolyzed dimer. The differences in the voltammetric behavior displayed may be due
to the extra degrees of freedom that may be available for AnC7SH/Au opposed to
AnC6SH/Au due to the difference in chain length.
In an effort to insure that oxidation of the aniline-terminated monolayer-modified
electrode does not result in desorption of the monolayer from the electrode surface,
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reductive desorption experiments were performed

on o.x-AnC6 SH/Au

and ox-

AnC7SH/Au. Integration of the reductive desorption peak for the oxidized monolayers
provided information used to calculate the surface coverage of the oxidized monolayers
on the Au surface. The calculated surface coverage for the oxidized monolayers was
found to be within that of the pristine (not oxidized) monolayers. From this data it can be
concluded that electrochemical oxidation of the monolayers does not result in significant
desorption of the aniline-thiol molecules from the electrode surface.
To assist in the characterization of the species produced during electrochemical
oxidation of AnC 6 SH/Au and AnC7SH/Au in 1 M H 2SO 4, RAIRS was performed on the
oxidized monolayers as a function of emmersion potential. Infrared vibrations for the
ring modes were observed in the RAIR spectra indicating the substitution pattern of the
monolayer had changed from a 1,2- substituted aniline ring, to a 1,2,4- substituted ring,
supporting coupling of neighboring aniline groups in the monolayers. Infrared transitions
indicative of the transformation between the benzoid (fully oxidized species) and the
quinoid (fully reduced species) were observed when comparing the RAIR spectra of oxAnC 6 SH/Au and o.x-AnC7SH/Au at 0.0 and 0.65 V vs. SSCE. However, although this
redox switching is observed with IR and is suggestive of the redox doping/de-doping of
poly(alkoxyaniline) in the monolayer, the IR data only suggest that polymer has formed.
An IR vibration indicating carbonyl formation is also evident in the fully oxidized
RAIR spectra (+0.65 V), although the intensity of this band is very small. The weak
intensity of this vibration may indicate that only a small amount o f degradation product is
formed upon electrochemical oxidation, or that the transition dipole moment of the
carbonyl vibration for the degradation product is oriented in such a position that it is near
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parallel to the gold surface. The observation of this vibration in the RAIR spectra, in
conjunction with the previously discussed voltammetric data, indicate that the
degradation product formed upon electrochemical oxidation is most probably a
quinoneimine.
In an effort to decrease the production of degradation products within the oxidized
monolayers, electrochemical oxidation of both AnC6SH/Au and AnC7SH/Au was
performed under non-aqueous conditions.

Both oxidized monolayers exhibit virtually

identical voltammetry with two redox waves at +0.5 and +0.85 V vs. SSCE. The two
reversible redox waves observed for the non-aqueous o.t-AnC6SH/Au (ox(non-aq)AnC6SH/Au) and o.t-AnC7SH/Au (or('no/z-aqj-AnC7SH/Au) systems were compared to
the voltammetry of model dimer compounds in non-aqueous solution. Voltammograms
of

3,3 '-dimethoxybenzi dine

and

2-methoxy-A4-phenyl-1,4-phenylenediamine

in

acetonitrile are similar to those observed for o.rC/ion-aqj-AnC6SH/Au and ox(non-aq)~
AnC7SH/Au.

However, the voltammetry displayed by 2-methoxy-A/4-phenyl-1,4-

phenylenediamine was most similar to that of ox(non-aqj-AnC6SH/Au and ox(non-aq)AnC7SH/Au, providing evidence that head-to-tail aniline dimers are present.
RAIR spectra were recorded for o.r(non-aqj-AnC6SH/Au and ox(non-aq)AnC7SH/Au as a function of emmersion potential, to aid in identifying the surfaceconfined dimeric species. These RAIR spectra were recorded at 0.0 V, a potential where
the dim er should be fully reduced, and at +0.9 V, the potential where the dimer should be
in its fully oxidized state; the potential was then changed back to 0.0 V so as to test for
stability of the dimers in the oxidized state. The lack o f hysteresis in the RAIR spectra
indicates that the oxidized dimer is stable in non-aqueous solution. The RAIR spectra for
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the fully reduced and fully oxidized species were compared to literature spectra for
phenyl-capped aniline oligomers. Identical IR transitions were observed for both ox(nonaq )-AnC6SHJAu and ox( non-aq)-AnClSYU Au when compared to the spectra found in the
literature for head-to-tail coupled phenyl-capped aniline dimers. No IR bands associated
with carbonyl formation were observed in the RAIR spectra of ox(non-aq)-AnC6SUJ Au.
and ox(non-aq)-AnC7SHJAu; thus, oxidation of both monolayers in non-aqueous media
does not produce significant amounts of degradation products.
After non-aqueous oxidation o f AnC 6 SH/Au and AnC7SH/Au was performed,
these modified electrodes were immersed in I M H 2SO 4 for further voltammetric
investigation. In the acidic solution, the first potential scan between 0.0 and +0.9 V vs.
SSCE yielded a redox wave indicative of the surface-confined dimer species only.
Further electrochemical scanning was found to produce some polymer for both oxfnona^J-AnC 6 SH/Au and ox( non-aq )-AnC lSU J An.

The growth of the quinoneimine

degradation product was also observed after several potential cycles; however, none of
this degradation product was evident in the initial potential scan. From this data, it is
concluded that non-aqueous oxidation of AnC 6 SH/Au and AnC7SH/Au produces only
surface-confined dimer with no degradation products.
To assess the effects o f electrolyte conditions on the coupling mechanism that
leads to production of the surface-confined aniline dimers in the ox(non-aq)-AnC 6 SH/Au
and ox(non-aqJ-AnC7SH/Au systems, electrochemical oxidation of AnC 6 SH/Au and
AnC7SH/Au under non-aqueous conditions that favor tail-to-tail coupling was
performed.

Electrochemical oxidation o f AnC 6 SH/Au and AnC7SH/Au in 0.1 M

LiClCVO.I M pyridine/CHsCN to produce ox(pyJ-AnC 6 SH/Au and ox(pyJ-AnC7SH/Au

156

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

led to virtually identical voltammetry for both monolayers.
compared

to

that

of

3,3 '-dimethoxybenzidine

and

This voltammetry was

2-methoxy-A^-pheny 1-1,4-

phenylenediamine in non-aqueous solution with added pyridine.

The voltammetry

displayed by the 2-methoxy-A/4-phenyl-l,4-phenylenediamine model closely resembles
the

voltammetry

of ox(py)-AnC6S H/Au

and

o.t(py)-AnC7SH/Au.

Oxidation of

AnC6SH/Au and AnC7SH/Au in the presence of pyridine produces surface-confined
dimers that are coupled in a head-to-tail mechanism despite electrolyte conditions that
yield tail-to-tail coupled aniline dimers in bulk solution.
In an experiment designed to assess future uses of AnC6SH/Au and AnC7SH/Au
as protective coatings for metals, both AnC6SH/Au and AnC7SH/Au were immersed in a
monolayer solution containing a redox labeled thiol to evaluate the surface stability of the
aniline monolayers.

Due to the affinity of the solution-phase monolayer to the Au

surface, the competing monolayer may displace self-assembled monolayers adsorbed to
an Au surface to create mixed-monolayer assemblies.

Both the pristine aniline

monolayers and monolayers of aniline dimers produced under non-aqueous conditions
were immersed in a solution containing 11-ferrocenoylundecane-l-thioi.

After 24 h

exposure to the ferrocene thiol, AnC6SH/Au and AnC7SH/Au did not exhibit
voltammetry indicative of the ferrocene redox couple. The monolayers of aniline dimers
were also immersed in the same ferrocene solution for an exposure time o f 24 h. After
this time, a small amount of ferrocene redox activity was observed for the ox( non-aq)AnC7SH/Au but no ferrocene activity was noted for the ox(non-aq)-AnC6SW Au.
Longer times of immersion in the ferrocene thiol were not tested. Thus, based on the
results from the 24 h experiment, it would seem that dimeric monolayers provide little
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advantage over their monomer counterparts under conditions that probe for monolayer
stability with respect to displacement by a solution thiol. This stability study combined
with the redox blocking study indicate that the AnC6SH/Au and AnC7SH/Au systems are
environmentally stable barriers that could be used as a coating for metal protection.
In another experiment to assess possible uses o f AnC6SH/Au and AnC7SH/Au,
the monolayer-modified electrodes were used as nucleation/adhesion promoters for
electrochemically deposited poly(anilines).

Aniline and phenetidine were separately

electrochemically polymerized on AnC6SH/Au and AnC7SH/Au. Poly(aniline)-coated
AnC6SH/Au

and

AnC7SH/Au

and

poly(o-phenetidine)-coated

AnC7SH/Au were inspected with scanning tunneling microscopy.

AnC6SH/Au

and

STM images of

poly(aniline)-coated AnC6SH/Au and AnC7SH/Au, revealed large (~ 126+24 nm) surface
features.

STM images o f poly(o-phenetidine)-coated AnC6SH/Au and AnC7SH/Au

point to smooth surface that is virtually featureless. This difference in surface roughness
for the two polymer films on AnC6SH/Au and AnC7SH/Au is explained by comparison
of the oxidation potentials o f aniline and o-phenetidine.

Aniline has an oxidation

potential approximately 0.25 V more positive than that o f AnC6SH/Au and AnC7SH/Au,
while the oxidation potential for o-phenetidine is approximately the same as AnC6SH/Au
and AnC7SH/Au. Thus, the poly(aniline) formed most likely “meshes” with the oxAnC6SH/Au and o.t-AnC7SH/Au, while poly(o-phenetidine) is thought to covalently link
to the aniline monolayer.
Adhesion tests were performed on poly(aniline) and poly(o-phenetidine) films
electrochemically polymerized on AnC6SH/Au and AnC7SH/Au.

Scotch tape was

applied to poly(aniline) and polyfo-phenetidine) thin films. This test, although crude, is
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the basic test for qualitatively assessing the adhesion o f a thin film to a substrate.
Poly(aniline) films were found to weakly adhere to AnC6SH/Au and AnC7SH/Au, while
poly(o-phenetidine) deposits on the monolayer-modified electrodes were found to
strongly adhere to the underlying substrate.

These findings support our hypothesis

concerning the deposition of poly(aniline) and poly(o-phenetidine) films on AnC6SH/Au
and AnC7SH/Au. If poly(aniline) deposits on aniline-terminated monolayers are meshed
within the monolayer (as speculated from the electrochemistry), a somewhat

weak

adherence of the polymer film should be observed. Thus, the observations from the tape
test support our hypothesis. For poly(o-phenetidine) films formed on AnC6SH/Au and
AnC7SH/Au, covalent linkage to the underlying substrate should form a polymer film
which is strongly adherent to the aniline-monolayer. Tape tests performed for poIy(ophenetidine) films deposited on AnC6SH/Au and AnC7SH/Au support this hypothesis.

7.3

Future Studies
Literature reports concerning the bulk polymerization of anilines have made

attempts at identifying the degradation products produced upon electrochemical oxidation
of aniline in aqueous solution.1-*

Two of the suggested degradation products are

quinoneimine and hydroquinone. In solution, quinoneimine and hydroquinone produce
redox waves with quite similar potentials. The two may be distinguished by infrared
spectroscopy through identification o f vibrations related to the asymmetric and
symmetric vibrations of the quinoneamine; however, the surface-confined degradation
species examined here produce vibrations o f very low intensity in this spectral region due
to their possible low concentration, and orientation o f the molecules.

In order to

conclusively identify the degradation product produced upon electrochemical oxidation
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of AnC6SH/Au and AnC7SH/Au, two experiments could be performed, namely X-ray
photoelectron spectroscopy (XPS) and laser-desorption Fourier-transform ion cyclotron
resonance mass spectrometry (LDFTICR-MS). XPS analysis offers the ability to perform
elemental analysis on thin films and is quite appropriate for self-assembled monolayers.5
This data would provide the elemental concentration of oxygen and nitrogen in the
untreated and oxidized aniline monolayers that could be related to the concentration of
quinoneamine or hydroquinone species in the monolayer. LDFTICR-MS instrumentation
is currently being built at the LSU Chemistry Department by the Limbach group. This
technique, if successful, would offer a mass spectroscopic technique of determining
surface-confined species, and thus identification of the degradation product, as well as
determination of the length of the polymer.6-7
To

further assess

the characteristics

of AnC6SH/Au, AnC7SH/Au,

ox-

AnC6SH/Au, and ox-AnC7SH/Au properties, Au colloids could be used as the
monolayer support.8-9 Au colloids (1-8 nm in diameter) have recently been used in a
number of reports examining alkanethiol monolayer characteristics.10-11 These colloids
can be made in a range of sizes and are soluble in a variety o f solvents allowing for bulk
characterization methods to be used to probe the structure of alkanethiol monolayers.
Both AnC6SH/Au and AnC7SH/Au could be self-assembled on Au colloids and a
number of experiments performed to determine the monolayer and oxidized monolayer
characteristics. AnC6SH and AnC7SH on Au colloids could be dissolved in deuterated
solvents and ‘H and l3C NMR used to determine the chemical structure of the monolayers
on Au. In such an experiment, Au colloids modified with AnC6SH or AnC7SH could be
probed during the self-assembly period using *H NMR; the proton signal associated with
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the amine functionality could be monitored to determine if hydrogen bonding to
neighboring aniline monolayers occurs. This information could be used to explain the
stability o f the aniline-terminated monolayers on Au films. The AnC6SH- and AnC7SHmodified colloids could then be chemically oxidized using an appropriate oxidant
(peroxydisulfate) to yield surface-confined poly(aniline) on the colloid surface. These
modified Au colloids could then be analyzed using UV-visible spectroscopy to determine
the oxidation state of the oxidized aniline monolayers.

A method of oxidizing the

poly(aniline) modified colloids and subsequent analysis using UV-Vis spectroscopy
could also provide a novel means of data storage for use in the electronics industry.
Oxidation of the polymer on the Au colloid could be performed electrochemically
providing the “write” portion of data storage and the “read” portion of the data could be
performed using UV-vis techniques.
The experiments performed to date have been used to successfully characterize
the electrochemical properties of AnC6SH/Au and AnC7SH/Au. We have demonstrated
that it is possible to form poly(alkoxyaniline) in the monolayers.

To complete the

original goal of this project, electrochemical oxidation of AnC6SH/Au and AnC7SH/Au
using the scanning tunneling microscope should be performed. It is speculated that a bias
voltage could be applied to the tip of the scanning tunneling microscope to cause
polymerization of AnC6SH/Au or AnC7SH/Au in a highly localized area.

Previous

studies have demonstrated that oxidations on substrates with potentials similar to that
required here are achievable using the STM tip.

This STM-induced polymerization

would be attempted under ambient laboratory conditions and also in an STM liquid cell
so as to yield conditions needed to form polymer in AnC6SH/Au and AnC7SH/Au. A
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report has recently emerged describing the use of the STM tip in a liquid cell containing
aniline monomer to initiate the formation of poly(aniline) onto a graphite substrate.12 In
this report it was found that small poly(aniline) deposits (1-20 nm in height) were formed
in a highly localized region designated by the STM operator, but the width of the
poly(aniline) deposits (10-60 nm) could not be accurately controlled. The method we
have proposed in this dissertation would provide a highly specific method of forming a
monomolecular layer of poly(aniline) with great precision.
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